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Geologic Map of Detrital, Hualapai, and Sacramento 
Valleys and Surrounding Areas, Northwest Arizona
By L. Sue Beard, Jeffrey Kennedy, Margot Truini, and Tracey Felger

Introduction
A 1:250,000-scale geologic map and report covering the Detrital, Hualapai, and Sacramento 

valleys in northwest Arizona (fig. 1) is presented for the purpose of improving understanding of the 
geology and geohydrology of the basins beneath those valleys.  The map was compiled from exist-
ing geologic mapping, augmented by digital photogeologic reconnaissance mapping.  The most 
recent geologic map for the area, and the only digital one, is the 1:1,000,000-scale Geologic Map 
of Arizona (Richard and others, 2000).  The larger scale map presented here includes significantly 
more detailed geology than the Geologic Map of Arizona in terms of accuracy of geologic unit con-
tacts, number of faults, fault type, fault location, and details of Neogene and Quaternary deposits.  
Many sources were used to compile the geology; the accompanying geodatabase includes a source 
field in the polygon feature class that lists source references for polygon features.  The citations for 
the source field are included in the reference section.

The map and report were prepared for the Northwest Alluvial Basins project of the Northern 
Arizona Water Center, U.S. Geological Survey (Anning and others, 2006, 2007).  Funding was 
provided by Arizona Department of Water Resources (ADWR), and the Arizona Water Resources 
Center and the National Cooperative Geologic Mapping Program, both of the U.S. Geological 
Survey.  A depth-to-bedrock geophysical model used for interpretation of the basin geometry 
presented here was developed for a forthcoming geohydrologic report for the Northwest Alluvial 
Basins study; the model is briefly described below and an expanded discussion will be presented in 
the geohydrologic report.  Airborne Transient Electomagnetic survey (GEOTEM) data referred to 
below and used to interpret some subsurface geologic relations will also be presented in the geohy-
drologic report. 

Physiography
The Northwest Arizona Alluvial Basins study area (fig. 1) includes Detrital, Hualapai, 

and Sacramento valley basins, which have similar surface expressions but significant differences 
in subsurface geology.  Hualapai Valley is mostly internally drained (no surface water outlet), 
fed by Truxton Wash that drains off of the Colorado Plateau from the southeast, and Frees Wash, 
which has a short reach draining from the Kingman area to the northeast.  Hualapai Valley offers 
no exposures of older basin-fill deposits.  In contrast, axial washes in both Sacramento Valley and 
Detrital Valley drain to the Colorado River; dissection along these washes provides limited expo-
sures of older deposits.  Detrital Wash drains northward to Lake Mead, whereas Sacramento Wash 
drains southward from a divide with Detrital Valley, and then turns westward to drain into the 
Colorado River at the latitude of Topock, Arizona.  Buck Mountains Wash drains the southern part 
of Sacramento Valley, and joins Sacramento Wash near where it turns westward.  The south side 
of a subtle drainage divide in southern Sacramento Valley drains to the Colorado River by way of 
washes that join the Bill Williams River (fig. 1).

The eastern edge of the study area is marked by the Grand Wash Cliffs.  Hualapai Valley 
lies just to the west of the Grand Wash Cliffs and is separated from Detrital and Sacramento 
Valleys to the west by two mountain ranges (fig. 1).  The high Hualapai (maximum elevation 8417 
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ft/2566 m) and somewhat lower Cerbat mountains (7148 ft, 2179 m) lie to the south and north of 
Kingman, respectively.  North of Hualapai Valley, a low divide separates the valley from Hualapai 
Wash to the north, which drains into Lake Mead.  Hualapai Wash is bounded to the east by the 
Lost Basin Range.  The northward continuation of the Lost Basin Range is Wheeler Ridge, which 
extends to the lake.  North of the Cerbat Mountains, the White Hills separate Detrital Valley from 
Hualapai Wash and are separated from the Cerbat Mountains by an northeast-southwest pass at 
Dolan Springs.  The western boundary of Sacramento Valley is formed by the Black Mountains 
that extend from Hoover Dam at Lake Mead southward to where Sacramento Wash turns west-
ward.  Just to the south of this point, the Mohave Mountains extend to the southern end of 
Sacramento Valley.  Buck Mountains form an isolated low range east of the Mohave Mountains, 
and the McCracken Mountains lie to the southeast and form the southeastern boundary of the 
valley basin.

The three valleys are underlain by at least eight subbasins that are revealed either on a 
depth-to-bedrock gravity model (fig. 2) created for the geohydrologic model of the valleys, or 
definable from well data.  Hualapai Valley includes the deep Hualapai subbasin beneath Red Lake, 
and the Kingman subbasin directly east of Kingman.  The southern Gregg subbasin, named by 
Faulds and others (2010), is located directly north of Red Lake Playa and beneath the upper reaches 
of Hualapai Wash. Detrital Valley includes the northern, central, and southern Detrital subbasins.  
In the north, Sacramento Valley is underlain by the Golden Valley and Chloride subbasins.  The 
depth-to-bedrock model also shows a deep subbasin, herein called the Dutch Flat subbasin, in the 
southern part of Sacramento Valley.  Little is known about this sub-basin because it has not been 
incised and there are no deep wells.  The depth-to-bedrock model also indicates a subbasin at the 
SW end of Sacramento Wash north of Topock; because it is mostly outside of the study area it is 
not discussed further. 

Gravity Modeling
The depth-to-bedrock model is based on gravity data collected at 1.6-km spacing through-

out all three basins (Ivanich and Conway, 2009; Conway and Ivanich, 2008; Mason and others, 
2007). Additional historical data were obtained from the Pan-American Center for Earth and 
Environmental Studies data set (PACES, 2008). Published tide- and drift-corrected gravity read-
ings, station positions, and terrain corrections from 10,681 gravity stations were used in this study, 
and the complete Bouguer anomaly calculated using standard procedures (fig. 3A; Hildenbrand and 
others, 2002). The isostatic compensation effect was modeled using the Airyroot routine (Simpson 
and others, 1983) and removed from the CBA to create the isostatic anomaly (fig. 3B). An iterative 
bedrock-basin anomaly separation process is used to remove the effect of bedrock heterogeneity 
from the basin-fill anomaly (figs. 3C, 3D; Saltus and Jachens, 1995).

The basin anomaly grid was used to construct a depth-to-bedrock model using the 
GMSYS-3D software package (Geosoft, Inc., 2010) The basin anomaly reflects the density con-
trast between higher density bedrock units—generally crystalline and volcanic rocks—and low 
density sedimentary fill deposits (basin fill). The depth-to-bedrock model consists of 3 layers. The 
upper two layers represent unsaturated basin fill and saturated basin fill, and are assigned densities 
of 2.0 g/cm3 and 2.25 g/cm3, respectively. The upper layers are separated by a continuous surface 
defined by the water table, an appropriate simplification because regional aquifers in the area are 
generally unconfined (Anning, 2007) and the water table coincides with the saturated/unsaturated 
boundary. The bottom layer of the depth-to-bedrock model represents homogeneous bedrock with a 
density of 2.67 g/cm3. The effect of sediment compaction at depth, and the density contrast between 
deep sedimentary units and bedrock, is difficult to know without deep boreholes. If significant 
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compaction was present the density contrast would be lessened, and basin thicknesses would be 
underestimated. The boundary between the middle layer (saturated basin fill) and the bottom layer 
(bedrock) is iteratively adjusted during the modeling process so that the calculated gravity response 
most closely matches the measured gravity data.

No deep wells have been drilled to bedrock within the study area. The deepest well, at 795 
m, bottomed in the extensive salt formation in the Hualapai Valley. Therefore, there is no way to 
validate the depth to bedrock estimates in the deepest basins, and these depths should be taken 
as estimates only. The depth-to-bedrock model is a good approximation of the bedrock boundar-
ies along the margins and in areas where the bedrock is shallow within the basins. Furthermore, 
relative depths should also be accurate.  However, where there are significant bedrock gravity 
heterogeneities, such as between the northern Black Mountains and White Hills and between the 
Buck Mountains and bedrock areas to the north and east (fig. 3C), the depth-to-bedrock model may 
be less accurate.  Specifically, the depth and shape (asymmetry) of the modeled basin anomalies 
should be used with caution.

Geology
Introduction

The Northwest Arizona Alluvial Basins study area lies mostly in the Basin and Range 
Province (fig. 4), which formed largely by extensional faulting during the Miocene.  Bedrock in the 
area is mainly crystalline Proterozoic rock, either exposed at the surface or overlain by thin to thick 
sequences of Tertiary volcanic and sedimentary rocks.  The bedrock is exposed in fault-bounded 
ranges, separated by fault-controlled extensional basins that underlie the three alluvial valleys.  
Paleozoic sedimentary rocks are exposed only along the Grand Wash Cliffs rimming the Colorado 
Plateau and in Wheeler Ridge, an east-tilted fault block at the far northeastern part of the map area.  

The study area straddles the boundary between the Colorado Plateau to the east and the 
Colorado River extensional corridor part of the Basin and Range to the west (fig. 4).  The Colorado 
River extensional corridor is a 70- to 100-km-wide belt of strong extension (Howard and John, 
1987; Faulds and others, 1999) that includes several metamorphic core complexes and trends north 
along the west side of the study area.  Between the Colorado Plateau and Colorado River exten-
sional corridor, extension mostly resulted in mildly tilted to moderately tilted fault blocks and 
extensional basins.  

Extensional basins, which are controlled by large normal faults, were filled with either 
coarse clastic sedimentary rocks, volcanic rocks, or both (fig. 5A).  Many of the older basins 
(middle Miocene) are not reflected by strong geophysical anomalies because they have been 
disrupted by subsequent faulting (Langenheim and others, 2010).  Instead, most gravity lows cor-
respond to late Miocene and younger basins (subbasins within the valley basins), related to late 
extension (basin-range), that are still structurally coherent (fig. 5B).  Most subbasins in the study 
area are no more than 1-3 km deep (fig. 2) and were most likely formed during the late extension.  
However, the 4.5-km-deep Hualapai subbasin, the deepest and largest in the study area, may be 
older (Faulds and others, 1997).  Late Tertiary and Quaternary surficial deposits drape most of the 
valley basins, blanketing pediment slopes and the surfaces of the subbasins (fig. 5C).

Geologic Units
Geologic units for the geologic map are summarized briefly below, and described in more 

detail in the Description of Map Units section.  
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Proterozoic Basement Rocks 
Paleoproterozoic metamorphic rocks are the most common basement rock type and 

include garnet-biotite gneiss, amphibolite, and metasedimentary and metavolcanic rocks (Xgn; 
see Description of Map Units), intruded by granite and granodiorite (Xg).  The metamorphic rocks 
have been highly deformed by at least two events, imposing strong folding and foliation on the 
rocks.  The earlier event was W- to WSW-directed thrusting, forming a northwest-striking foliation 
fabric between 1735 Ma and 1720 Ma in the Cerbat Mountains (Duebendorfer and others, 2001).  
The early fabric was mostly but not completely overprinted by the second event, a northwest-south-
east-directed shortening at about 1700 Ma to 1685 Ma, which produced tight folds and imparted a 
strong northeast-striking foliation that is prominent throughout the study area (Duebendorfer and 
others, 2006; E.M. Duebendorfer, written commun., 2010).  Areas in the Peacock, Cerbat, and 
Hualapai Mountains, where the fabric of the earlier deformation is preserved, exhibit northwest-
striking foliations.  The granite and granodiorite rocks have also been metamorphosed and deformed 
into biotite and hornblende-bearing quartzofeldspathic gneisses (Xg).  Metamorphic grade is mostly 
granulite facies northwest of a northwest-striking zone that extends from the Hualapai Mountains 
across the Peacock Mountains to the Grand Wash Cliffs; metamorphic grade is mostly upper 
amphibolite southeast of the northwest-striking zone (Albin, 1991).  These metamorphic rocks range 
in age from about 1780 Ma to 1650 Ma.

The Paleoproterozoic rocks are intruded by Mesoproterozoic granites (Yg) that typically 
contain large phenocrysts of potassium feldspar that are up to 8 cm long and comprise 20 to 70 
percent of the rock.  The feldspars are commonly zoned or reversely zoned (rapakivi texture) and 
typically aligned in a magmatic foliation.  The granitic matrix is quartz, biotite and plagioclase with 
abundant magnetite or ilmenite.  Albin and Karlstrom (1991) report ages of 1.39 Ga and 1.37 Ga 
for these megacrystic granites in the northern Peacock Mountains.

Paleozoic Sedimentary Rocks
Cambrian to Devonian sedimentary rocks exposed along the Grand Wash Cliffs dip about 

2 to 5 degrees northeast.  The basal arkosic Tapeats Sandstone (_bt) rests unconformably on 
Proterozoic rocks and grades upward into the Bright Angel Shale (_bt), a burrow-mottled green 
micaceous shale and reddish-brown sandstone.  The Bright Angel Shale (_bt) in turn grades 
upward into the Muav Limestone (_m), a regularly bedded dolomite and limestone unit that forms 
a distinctive striped cliff.  These three Cambrian units form the edge of the Grand Wash Cliffs 
except where eroded through by early Cenozoic paleo-channels filled with sedimentary and volca-
nic rocks.  The Devonian Temple Butte Formation (Dtb) is mostly stripped back from the cliff edge 
with only a few remnant ridges preserved within the study area.  An early Cenozoic erosion surface 
prior to faulting is responsible for the stripping and paleovalley development.

The entire Paleozoic section is exposed in east-tilted fault blocks along Wheeler Ridge.  
There, the massive cliff-forming Mississippian Redwall Limestone (Mr) overlies the Temple Butte 
Formation and is easily visible because a 30-m-thick cherty interval forms a marker bed on cliff 
faces.  The basal part of the overlying Supai Group (PMs) is a distinctive 20-m-thick slope-forming 
unit of thin alternating red mudstone and limestone, overlain by medium- to thick-bedded limestone 
and dolomite, with interbedded crossbedded limestone in the upper part.  The uppermost part of the 
Supai Group is the red to white Esplanade Sandstone, which is about 130 m thick.  This sandstone 
grades upward into slope-forming red sandstone and siltstone of the Hermit Formation (Ph).  The 
fossiliferous Permian Kaibab and Toroweap Formations (Pkt) form a thick cliff-slope-cliff sequence 
of limestone, siltstone and mudstone, and limestone at the top of the Paleozoic section.  
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The Mississippian to Permian section was truncated southwestward by an early Cenozoic 
erosion surface prior to faulting.  This truncation is visible in Wheeler Ridge by the gradual loss of 
Permian rock exposures southward, such that the youngest Paleozoic rock exposed at the southern 
tip of Wheeler Ridge is an eroded thickness of Mississippian Redwall Limestone.  

Mesozoic and Cenozoic Intrusive Rocks
Both Mesozoic and Cenozoic intrusive rocks are exposed in the study area.  Late 

Cretaceous granite, quartz monzonite, and granodiorite (Ki) occur as stocks and small plutons from 
the Grand Wash Cliffs westward to the Black Mountains.  Two-mica, garnet-bearing peraluminous 
bodies in the Black Mountains, and in the White Hills, most likely intruded at depths of about 10 
km (Faulds and others, 2001), whereas plutons in the Cerbat and Hualapai Mountains and Grand 
Wash Cliffs were intruded at shallow levels, such as a quartz-monzonite body that intruded into the 
base of the Muav Limestone at Grand Wash Cliffs (Billingsley and others, 2006).  

Cenozoic intrusive rocks (Ti) are mostly quartz diorite, quartz monzonite, and granodiorite 
and include the Mount Perkins pluton (~ 16 Ma) in the central Black Mountains and the Wilson 
Ridge pluton (~13 Ma) in the northern Black Mountains.  The Mount Perkins pluton was emplaced 
at about 5 km depth and subsequently tilted westward during extension, thereby exposing a verti-
cal section of the pluton (Faulds and others, 2001).  The Wilson Ridge pluton is tilted northward, 
thereby exposing deeper levels of the pluton southward.  Both plutons are related to associ-
ated volcanic sequences exposed nearby (Faulds and others, 2001; Weber and Smith, 1987): the 
Dixie Queen Mine stratovolcano sequence to the west of the Mount Perkins pluton, and the River 
Mountain stratovolcano and associated felsic volcanic rocks north and west of Wilson Ridge.  

Cenozoic Volcanic and Sedimentary Rocks

Pre-extension Sedimentary and Volcanic Rocks
Early Cenozoic erosion beveled Paleozoic rocks, and carved deep northeast-draining paleo-

valleys that were subsequently filled with pre-extension Paleocene to Early Oligocene sedimentary 
rocks (Tso).  West of the Colorado Plateau margin, Paleozoic strata were completely removed and 
volcanic rocks were deposited directly on crystalline basement.  Relicts of several paleovalleys are 
found on the western Colorado Plateau, and one forms the divide at Kingman between the Cerbat 
and Hualapai Mountains.  Mafic volcanic eruptions (Tvo), starting about 20 Ma and sourced in 
the Basin and Range, flowed northeastward along the paleovalleys and now cap remnants of the 
Paleozoic sedimentary rocks along the Grand Wash Cliffs.  The pre-extension volcanic rocks, 
including andesitic to basaltic flows and vent-facies rocks, and felsic flows, domes and tuffs, are 
exposed in the southern Black Mountains, around Kingman, in isolated exposures along the flanks 
of the Cerbat Mountains, and eastward to the Grand Wash Cliffs.  Although volcanic rocks occur 
locally in the northern Black Mountains and White Hills, they are too local and thin to show at the 
map scale.  The deposits are mostly no more than a few hundred meters thick except in the south-
western Black Mountains where they may be as much as a kilometer thick (Pearthree and others, 
2009).

The volcanic rocks are regionally overlain by or are intercalated with the 18.5 Ma Peach 
Spring Tuff (Nielson and others, 1990) and related ash-flow and ash-fall tuffs derived from the 
Silver Creek Caldera (Tto; fig. 4; Pearthree and others, 2009).  These strata form distinctive marker 
beds and are therefore used to separate the lower sequence of volcanic rocks from younger volcanic 
and sedimentary rocks.  In addition, extensional faulting mostly postdates these strata.
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Syn-extensional Sedimentary and Volcanic Rocks
Syn-extensional deposits are mostly confined to the western part of the study area, north and 

west of the Cerbat and Hualapai Mountains.  Early syn-extensional volcanic units include rhyolitic 
to andesitic flows and flow breccias, and rhyolitic to dacitic breccias and domes that are about 15 
Ma to 18 Ma (Tvm).  They are intercalated locally with poorly sorted cobble to boulder conglomer-
ate and large avalanche deposits (Tsmo) in the White Hills and in southwestern Sacramento Valley.  
Coeval faulting formed half-graben basins as much as 2 to 3 km deep.  The half-graben basin fill is 
mostly volcanic in the western White Hills and Black Mountains and mostly clastic in the eastern 
White Hills (Faulds and others, 2010).  The rocks are faulted and typically tilted 30 to 90 degrees. 

In the central and southern Black Mountains, the volcanic section is capped by olivine 
basalt flows and breccias that are about 15 Ma to 13 Ma (Tbo), and are faulted but only tilted a few 
degrees.  Distinctive ash-flow tuffs and associated ash-fall tuffs (Tty; including the tuff of Bridge 
Spring and tuff of Mount Davis about 15.0 - 15.2 Ma) together form a regional stratigraphic marker 
bed in the central and northern Black Mountains and in the White Hills.  Overlying this ash-flow 
tuff marker unit are rhyolitic flows, breccias, domes and pyroclastic flows (Tvy), exposed only in 
the White Hills and northern Black Mountains, and in the southernmost tip of Sacramento Valley.  
Volcanism waned by about 12 Ma to 13 Ma, with only local basaltic volcanism continuing, as 
described below.  

Younger intermediate-age sedimentary rocks, deposited during peak extension, include red 
to tan sandstone and conglomerate with local gypsum, limestone and mudstone, exposed from the 
Black Mountains eastward to Hualapai Wash (Tsmy).  These rocks mostly post-date volcanism and 
are about 9 Ma to 13 Ma.  In the White Hills they are mostly conglomerate and sandstone.  This 
unit is inferred to form the bulk of the fill in Hualapai subbasin, where it comprises up to 2-3 km of 
halite, shale, gypsum/anhydrite and laterally equivalent sandstone and conglomerate at the margins 
of the subbasin (Faulds and others, 1997).  These “peak” extensional basin deposits are tilted and 
faulted, but less so than the early intermediate-age sedimentary rocks (Tsmo). 

Isolated outcrops of ~ 8- to 12-Ma tholeiitic intermediate-age (Tbm) basalt flows overlie 
the late synextensional deposits in the White Hills and on the west side of Detrital Valley, as well as 
in far southwestern Sacramento Valley.  Basalt flows are locally faulted, and slightly to moderately 
tilted, but less so than the underlying sedimentary rocks.   

Late-stage Interior Basin-fill Deposits
Late extensional faulting formed narrow elongate subbasins (described in detail below) that 

are imaged in the depth-to-bedrock model (fig. 2).  These basins were internally drained and filled 
by fine-grained sand, silt and clay, as well as gypsum and halite in some locations (Tsy).  Hualapai 
Limestone was deposited at the north end of Hualapai Valley (Tsh), and lacustrine sediments of 
the Bouse Formation were deposited at the west end of Sacramento Valley (Tsb).  In contrast to 
the older rocks, these deposits are mostly flat lying, or only locally slightly tilted.  Young (~5-6 
Ma) basalt flows (Tby) overlie basin-fill deposits on the west side of Detrital Valley and on the 
northeast flank of the Mohave Mountains.  Isolated deposits of sand and gravel mapped as Tg are 
exposed against the north and west flank of the Hualapai Mountains; their age and significance 
are poorly understood.  Outcrops of Tg near Lake Mead are gravel and sand, and include both 
alluvial fan deposits and early Colorado River gravels and sands that represent integration of the 
Colorado River and signal the end of interior basin deposition.  Some of the deposits were previ-
ously mapped as Chemehuevi Formation (Laney, 1979), but are now thought to be older (House 
and others, 2005).  
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Surficial Geology
Surficial geologic units include sediments that form a veneer on the older rocks in the sub-

basins and (or) mantle the cliff and mountain slopes.  These sediments are unconsolidated, and 
include alluvial fan, plain and pediment deposits (Qa, QTa); talus, landslide and colluvial depos-
its are included in the units and only large landslide deposits are mapped separately (QTl).  The 
QTa deposits include a thick carbonate soil horizon in northern Detrital Valley.  Areally restricted 
surficial deposits include axial alluvial wash sediments (Qw) and eolian sands (Qe).  Active and 
inactive playa deposits form the floor of Red Lake playa in Hualapai Valley (Qp, Qpo).  Older and 
younger Truxton Wash alluvial fan deposits (Qty, Qto) are graded to the active and inactive playa 
deposits, respectively.  Younger Colorado River deposits near Lake Mead are included in the Qa 
and QTa units.

Correlation of Cenozoic Sedimentary Rocks to Alluvial Aquifer Units of Previous Hydrogeologic   
Studies

Hydrogeologic studies by Gillespie and Bentley (1971) and Anning and others (2006) 
defined the sediments in the three basins as older, intermediate and younger alluvium, of which 
the older was considered the principal aquifer.  The older alluvium, described by these authors as 
the “stratigraphically oldest and deepest consolidated sedimentary rocks”, corresponds to the bulk 
of Pliocene or older sedimentary rocks shown on the geologic map and in the subsurface of the 
subbasins (fig. 5A and 5B).  This includes the younger sedimentary rocks (Bouse Formation-Tsb, 
Hualapai Limestone-Tsh, and the younger sedimentary rock unit-Tsy) and possibly intermediate 
(Tsmy, Tsmo) and older sedimentary rock units (Tso) where present in the subbasins.  Of these, 
the Tsy unit is the most widespread subsurface unit, and includes coarse-grained clastic rocks 
near the mountain ranges that grades laterally toward the basin centers into fine-grained clastic 
rocks, gypsum and (or) halite, and limestone.  These rocks can be locally more than a kilometer 
thick.  Distribution of the intermediate-age sedimentary rocks in the subsurface is poorly known, 
but because these rocks are intercalated with volcanic rocks where exposed, they are probably not 
widespread.  The older sedimentary rocks are only locally exposed at the base of the volcanic sec-
tion along the Grand Wash Cliffs where preserved in paleovalleys as described earlier.

Along the range fronts, the intermediate alluvium of Anning and others (2007) and Gillespie 
and Bentley (1971) was described as partly consolidated to slightly consolidated boulder to pebble 
conglomerate that grades to gravel, silt and sand into the basins.  These deposits correspond to the 
older surficial units shown on the geologic map and figure 5C, including the Pliocene older gravel 
deposits (Tg) and the Pleistocene to late Pliocene older alluvium (QTa), and are typically only 
exposed near the ranges.  Their subsurface distribution is poorly known.  

The younger alluvium of Anning and others (2007) and Gillespie and Bentley (1971) was 
described as weakly consolidated to unconsolidated piedmont, stream and playa deposits.  This 
corresponds on the geologic map and in figure 5C to the active or recently active Holocene to Late 
Pleistocene alluvial systems, including alluvial fan, plain, and wash deposits, playa sediments, and 
eolian deposits (Qa, Qw, Qt, Qto, Qp, Qpo, and Qe).

Structure
The major Cenozoic structures in the study area are high- and low-angle faults, and the 

Black Mountain accommodation zone (fig. 7).  Some of the faults clearly influence the shape and 
depth of the subbasins; other faults are older and control the distribution of post-Proterozoic con-
solidated rocks in both the basins and ranges.  
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Faults
The study area is cut by northwest- to northeast-striking normal faults, mostly moderate- to 

high-angle faults but also including three large low-angle, or detachment faults (fig. 6).  Near-
vertical north-northwest-striking faults that cut Proterozoic rocks in the Cerbat, Hualapai, and 
Black Mountains may have a component of strike-slip motion but have not been studied in detail 
(Conway and others, 1997; Mörz, 1996).  A series of north-northwest-striking normal faults that cut 
across the Kingman area from the Hualapai Mountains to the southern Cerbat Mountains are small-
displacement structures.  They are most likely not major hydrologic conduits between the valleys, 
consistent with the 300-m drop in water level from the Kingman subbasin west to Sacramento 
Valley that suggests little hydrologic connectivity.

In addition to faults that are exposed and have been mapped or inferred by previous work-
ers, interpretation of the depth-to-bedrock gravity model (fig. 2, fig. 7) suggests the presence of 
several faults for which there is no known surface expression.  These are mapped as geophysi-
cally defined faults, based on the depth-to-bedrock gravity model, well data (ADWR; http://www.
azwater.gov/AzDWR/GeneralServices/Imaging/default.htm), and interpretations of GEOTEM data 
(M. Truini, unpub. data, 2010).  These faults seem to follow a pattern of overlapping synthetic or 
antithetic normal faults that control the subbasins.  

Detachment Faults
The map area contains three large-displacement detachment faults (fig. 7).  In the White 

Hills, the Cyclopic Mine Fault is a west-dipping low-angle fault that forms the southern extent of 
the South Virgin –White Hills detachment fault (SVWHDF; Duebendorfer and others, 2010).  The 
fault places intermediate-age volcanic rocks (Tvm) and sediments (Tvm, Tsmo) to the west against 
Proterozoic rock to the east; southward it may merge with the Cerbat Mountain Fault, forming a 
scoop-shaped geometry (fig. 7; Faulds and others, 2010).   

The Mockingbird Mine Fault bounds the east side of the Black Mountains at Mount 
Perkins, dipping gently eastward about 5 to 30 degrees.  According to Faulds and others (1999), the 
fault has as much as 6 km of normal displacement, placing volcanic rocks (Tvm, Tbo) to the east 
against crystalline basement (Xg and Xgn) and the Mt Perkins pluton (Ti) to the west.  Southward 
the fault loses displacement (fig. 7).  Faulds and others (1999) interpret the central Detrital subba-
sin (fig. 2) as a west-tilted half graben in the hanging wall of the Mockingbird Mine Fault.  Because 
the magnitude of west tilting decreases eastward across Detrital basin, Faulds and others suggest 
the Mockingbird Mine Fault steepens with depth.  We suggest, as an alternative, the Mockingbird 
Mine Fault is cut by a range-front fault as discussed in the “inferred basin- fault” section below. 

The Whipple Mountains detachment fault is interpreted by Howard and others (1999) to 
project from the Whipple Mountains (figs. 1, 4) northeastward beneath the Mohave and Buck 
Mountains.  The fault is not exposed in the study area but inferred to extend to mid-crustal levels 
in the subsurface below the Hualapai Mountains and Colorado Plateau.  According to this interpre-
tation, the Mohave and Buck Mountains are west-tilted crustal blocks in the hanging wall of the 
detachment fault.  The blocks are composed of crystalline basement (Xg) overlain by volcanic and 
sedimentary rocks (Tvo, Tsmo) tilted 30 to 80 degrees westward (Howard and others, 1999).  The 
Crossman Peak Fault (fig. 6) is a low-angle fault in the hanging wall of the Whipple Mountains 
detachment that separates the Buck Mountains fault block from the main Mohave block (Crossman 
Peak block of Howard and others, 1999).  The depth-to-bedrock model shows a low that wraps 
around the northeast end of the Buck Mountains (fig. 2).  K.A. Howard (written commun., 2010) 
suggested that the gravity low could be caused by sharp density contrasts related to a buried syncli-
nal corrugation in the Whipple detachment fault.  On the geologic map of the Mohave Mountains, 

http://www.azwater.gov/AzDWR/GeneralServices/Imaging/default.htm
http://www.azwater.gov/AzDWR/GeneralServices/Imaging/default.htm
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Howard and others (1999) tentatively inferred a north-northwest-striking fault between the Mohave 
and Buck Mountains (fig. 6) based on an abrupt change in gravity data that suggests a steeply dip-
ping fault.  This fault may cut the low-angle Crossman Peak detachment fault or the detachment 
fault may steepen with depth.

Moderate- to High-angle Normal Faults
The largest displacement high-angle normal fault in the area is the Grand Wash Fault, a 

west-side-down structure which forms the boundary between the Colorado Plateau and Basin and 
Range.  The southern Grand Wash normal fault (fig. 6) extends north-northwest from the south end 
of the study area along Truxton Wash. Maximum displacement of more than 3 km on the southern 
Grand Wash Fault corresponds to the deepest part of the Hualapai basin (Faulds and others, 2008);  
the fault loses displacement both northward and southward.  At the southern end of the study area, 
fault displacement is about 300 m.  The east-side down east Peacock Fault has a similar displace-
ment amount and forms a graben with the Grand Wash Fault.  The west Peacock Fault drops volca-
nic rocks down to the west into the Kingman subbasin.  Older volcanic rocks (Tvo, Tto) exposed 
in the hanging wall dip into the fault and overlie crystalline basement.  This implies another fault 
to the west that drops the section into the Kingman subbasin (fig. 2).  The two Peacock faults may 
form part of a relay fault system that transfers slip between the down-to-the-west Grand Wash Fault 
and an unnamed east-side-down fault that bounds the east side of the Hualapai Mountains and 
increases in displacement south of the study area (fig. 6).  

To the north, the southern Grand Wash Fault apparently dies out near the divide between 
Hualapai Valley and Hualapai Wash (fig. 1).  This divide marks a point of minimum displacement 
on three intersecting faults (fig. 6).  The northwest-side-down northern Grand Wash normal fault 
extends northeast from the intersection and forms the west boundary of the Colorado Plateau north 
of the study area.  The west-side-down Lost Basin Fault extends north-northwest from the intersec-
tion, parallel to the strike of the southern Grand Wash Fault, and bounds the west side of the Lost 
Basin Range.  The displacement on the Lost Basin Range may increase southward.  The southern 
Gregg subbasin is located west of the intersection.

The northwest-side-down Cerbat Mountain Fault extends west-southwest from its junction 
with the Cyclopic Mine Fault through Dolan Springs and into Detrital Valley.  Although previously 
inferred to continue southward along the west side of the Cerbat Mountains, recent geologic map-
ping suggests that south of Dolan Springs, the Cerbat Mountain Fault does not extend along the range 
front to the pass between Detrital and Sacramento Valleys (Ferguson and others,  2009), as has been 
inferred (Faulds and others, 2010).  Similarly, a fault along the west side of the Cerbat Mountains 
north from Kingman appears to end near Chloride, south of the pass between the two valleys.  Recent 
mapping by the Arizona Geological Survey (C.A. Ferguson, oral commun., 2009) suggests the divide 
between Detrital and Sacramento Valleys is underlain by a syncline, therefore, we project the Cerbat 
Mountain Fault south-southwest into Detrital Valley, where the fault is most likely cut by a younger 
north-northwest-striking fault.  However, highly extended terrane and significant volcanism are 
confined west of a structural zone defined by the South Virgin – White Hills detachment Fault, the 
Cyclopic Mine Fault, and the Cerbat Mountain Fault, indicating that the Cerbat Mountain Fault is part 
of a significant but enigmatic tectonic boundary.  We suggest that this enigmatic boundary crosses 
Detrital Valley,  then turns southward, obscured along the many faults in the Grasshopper Junction 
area west of the divide (figs. 6, 7), and extends south beneath the Black Mountains.

North and west of the Cerbat Mountain Fault, the west-side-down Mountain Spring Fault 
and the White Hills Fault cut consolidated sedimentary and volcanic rocks exposed in the White 
Hills.  These rocks are part of the Miocene White Hills half-graben basin of Faulds and others 
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(2010) that formed in the hanging wall of the Cerbat Mountain-Cyclopic Faults and was subse-
quently faulted and tilted and is now partially eroded.  The Mountain Spring Fault separates the 
White Hills basin into an eastern, sediment-rich subbasin and a western, volcanic-rich subbasin.  
According to Faulds and others (2010), the fault has about 1 km normal separation in the south 
which increases northward to as much as 3 to 4 km.  Depth to basement models (Langenheim and 
others, 2010; this report), suggest a shallow basin here with about 400 to 500 m of probable sedi-
mentary fill.  The Mountain Spring Fault most likely links northward to the South Virgin – White 
Hills Detachment Fault.  To the west, the smaller displacement west-side-down White Hills Fault 
has ~ 1.2 km normal separation. 

The Detrital Fault bounds the west side of northern Detrital subbasin and is defined by sur-
face geology, well data, and seismic reflection profiles presented in Faulds and others (1999).  The 
fault traces southward from Lake Mead and dies before the Black Mountains accommodation zone.  
The fault trace is marked by discontinuous scarps in a conglomeratic facies of the Tsy unit on the 
west side of Detrital Valley and possibly by a strong north-trending gravity and magnetic gradient 
along the west side of the valley (Langenheim and others, 2010).  However, the Detrital Fault most 
likely loses displacement southward toward the subbasin divide, and so the gradients there may be 
due to strong bedrock density variations (Langenheim and others (2010).  

The Blind Goddess Fault, as imaged on the seismic reflection profiles (Faulds and others, 
1999), strikes north and dips west and is most likely a fairly small displacement fault that bounds 
the east side of Detrital Valley between the northern and central subbasins (fig. 2).  The fault 
appears to either die out northward against or link to an unnamed fault that bounds the east side of 
the northern Detrital subbasin and displaces the Tsy and Tsh units down to the west.  Interpretation 
of GEOTEM data (M. Truini, unpub. data, 2010) indicates the down-dropped block dips eastward 
into the northern fault, and Laney (1979) maps an anticline in outcrops of Tsh to the west of the 
fault, suggesting a hanging wall anticline.  The Blind Goddess Fault appears to die out just south 
of the community of White Hills near the northeast margin of the southern Detrital subbasin.  
Southward, we infer a fault or faults along the east side of the southern Detrital subbasin based on 
the depth-to-bedrock model and GEOTEM data.  These structures, if they exist, die out north of the 
pass at Grasshopper Junction (figs. 6, 7).  

Inferred Basin Faults
The subbasin configuration seen on the depth-to-bedrock model (fig. 2) suggests the pres-

ence of basin-controlling faults that are not expressed at the surface.  We infer these structures based 
on the depth-to-bedrock model, well data, and projection of faults mapped in the bedrock (fig. 7).  

Hualapai Valley
The depth-to-bedrock model (fig. 7) shows a sharp boundary at the southeast margin of the 

Kingman subbasin northeast of Kingman, interpreted here as the northeast-striking Kingman Fault.  
This inferred fault is collinear with the southeast edge of the paleovalley at Kingman.  East-tilted 
rocks in the hanging wall of the west Peacock Fault indicate another west-side-down fault should 
be to the west.  Whether that fault parallels the west Peacock Fault or is the inferred Kingman Fault 
is unknown.  It is possible that a Laramide-age fault formed the southeast edge of the paleovalley 
that was then onlapped by volcanic rocks and reactivated.  Therefore, the sharp northeast-trending 
edge to the basin may be a fault, a buried topographic feature, or both.  
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Detrital Valley 
A range-front fault is well-imaged on the seismic reflection profiles in Detrital Valley on the 

east side of the Black Mountains (Faulds and others, 1999) and forms the boundary to a west-tilted 
half-graben basin seen in the seismic profile as well as in the depth-to-bedrock model.  This fault, 
called herein the South Detrital Fault (fig. 6), extends south-southeast and possibly steps westward 
(dotted trace in fig. 7), dying out at the southern end of Detrital Valley.  This fault may cut or splay 
upward from the Mockingbird Mine Fault.

Sacramento Valley
We infer that several oppositely dipping normal faults control the subbasins of Sacramento 

Valley.  South of Grasshopper Junction (figs. 6, 7), the west-side-down Chloride Fault bounds the 
east side of a small basin and extends southward along the range front from Chloride to west of 
Kingman, based on well data and the depth-to-bedrock model.  To the west, the east-side-down 
Black Mountain Fault extends along the east side of the Black Mountains, forming a presumed 
west-dipping half-graben basin.  The geometry of the faults and the shallow depth of bedrock 
extending north-northwest between the basins suggests a relay or anticlinal transfer zone between 
these faults.  Well data and steep depth-to-bedrock contours suggest possible small displacement 
faults on the opposite sides of the half-graben basins.  Alternatively, the steep contours could be an 
artifact of laterally heterogeneous rock densities between alluvial fans and fine-grained sediments 
(V.E. Langenheim, oral commun., 2010).  The Black Mountain Fault continues southward to the tip 
of the Black Mountains, but the depth-to-bedrock model suggests decreasing displacement.  

The north-northwest-trending Dutch Flat subbasin (fig. 2) suggests that a fault extends 
along the northeast side of the Buck and Black mountains.  We map the subsurface Buck 
Mountains Fault as wrapping closely around the Buck Mountains and extending northward.  
Because the Buck Mountains are interpreted as a west-tilted fault sliver of crystalline rock in the 
hanging wall of the Whipple detachment fault (Howard and others, 1999), the shape of the depth-
to-bedrock anomaly may be influenced by the contrast between the crystalline rock and surround-
ing lower density material and therefore the fault could be more planar.  In addition, because of 
the contrast in the bedrock gravity anomaly between Buck and Black Mountains, the shape of the 
fault and asymmetry of the basin anomaly is approximate at best.  We suggest the north-northwest-
striking unnamed fault between the Buck and Mohave mountains extends beyond the southern tip 
of the Black Mountains.  It may link to a fault or faults bounding the east side of a north-northwest- 
trending basin north of Topock indicated by the depth-to-bedrock model.  If so, then the Buck 
Mountains Fault and the unnamed north-northwest-striking fault may be part of a fault zone linking 
the Dutch Flat basin to the Topock subbasin.  This fault most likely dies out or splays northward 
into several faults that cut the southwestern tip of the Black Mountains, where west-dipping volca-
nic rocks are cut by north-northwest-striking faults.  

A west-side-down fault on the southwest side of the McCracken Mountains (figs. 1, 7) 
appears to extend northward and control the northeast side of a smaller basin on the south end 
of Dutch Flat.  It may step westward and link to the inferred north-northwest-striking Dutch Flat 
Fault, between the large Dutch Flat subbasin and the western edge of the shallow bedrock surface 
west of the Hualapai Mountains (figs. 2, 7).

Accommodation zone
The magnitude of extension in the Colorado River Extensional Corridor decreases both 

northward and southward into the Black Mountains accommodation zone (Faulds and others, 
2001).  The accommodation zone extends eastward across the Colorado River corridor and then 
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turns southward along the east side of the Black Mountains (figs. 4, 6).  The zone separates two 
oppositely tilted fault block domains, west-tilted fault blocks to the south and west, east-tilted fault 
blocks to the north and east.  In the transverse part of the accommodation zone, east-dipping faults 
and west-dipping faults overlap to form a zigzag pattern defined by overlapping tips of oppositely 
dipping faults as the dip direction of faults and associated tilted fault blocks change (Faulds and 
others, 1999).  The axis of the zone is therefore traceable by a series of fault-related folds caused 
by the reversal in dip direction of the major normal faults that intersect in the zone – anticlines 
where faults of opposite dip face each other, and synclines where they face away (Varga and others, 
2004).  Langenheim and others (2010) suggested shallow depth-to-bedrock, both in the central part 
of Detrital Valley and at the divide between Detrital and Sacramento Valleys, correspond to places 
where the accommodation zone crosses the valleys (fig. 7).  However, the depth-to-bedrock model 
shown in figures 2 and 7 do not show a strong correspondence between the accommodation zone 
and shallow bedrock.

Description of Subbasins Identified from Depth-to-bedrock Gravity Model
In this section the geology of the subbasins is described; geologic characteristics of each 

basin are summarized in table 1.  In the study area, the subbasins are either full grabens (such as 
fig. 3, Anning and others, 2006) or more commonly half-grabens, such as portrayed in figure 5.  
The half-graben basins are characterized by wedge-shaped sediment accumulations that develop 
on the tilted hanging wall of a large normal fault.  The typical model of half-graben basin develop-
ment is as follows:  the basin forms by repeated displacement on the fault and the deepest part of 
the depocenter is usually close to the fault.  Thick but areally restricted alluvial fans develop adja-
cent to the fault from detritus sourced from the footwall.  In contrast, thinner but more widespread 
alluvial fans prograde from the uptilted edge of the hanging wall toward the fault and can interfin-
ger laterally with the footwall fans.  Most fine-grained material is deposited in axial fluvial systems 
that parallel the controlling fault, and in lakes or playas that develop along that part of the fault 
with the greatest displacement and therefore, the greatest subsidence.  

Detrital Valley
Detrital Valley is an elongate north-south valley underlain by three subbasins that appear 

to be formed by a series of opposing half-graben faults (table 1).  The northern Detrital subbasin is 
partly dissected by Detrital Wash so that some of the subsurface geology (Tsy; younger sedimen-
tary basin-fill unit) is exposed near Lake Mead.  In contrast, the two other subbasins, the central 
and southern Detrital subbasins, are buried beneath surficial deposits and the only information 
about subsurface geology comes from wells and geophysical data.  The subsurface bedrock divides 
between the subbasins are most likely underlain by volcanic rock.  The two northern subbasins 
include evaporite sequences in the younger basin fill deposits (Tsy); whether they occur in the 
southern subbasin is unknown.  Known gypsum/halite deposits have been penetrated in three well 
clusters:  (1) anhydrite and clay in the north part of the northern subbasin, (2) halite, anhydrite 
and clay in the southern part of the northern Detrital subbasin, and (3) gypsum, anhydrite and clay 
in the central subbasin.  Gypsum/anhydrite mixed with clay and siltstone is also exposed as high 
as 500 to 580 m elevation on the east side of Detrital Wash just northeast of the second cluster of 
wells (Beard and others, 2007).

Northern Detrital Subbasin
The northern subbasin is modeled as about 600 m deep and is either a graben developed 

between an unnamed west side down normal fault to the east and the Detrital fault to the west, or 
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an east-dipping half-graben controlled by the unnamed fault.  The modeled shape of the basin is 
suspect because of the contrast in bedrock gravity anomaly between the Black Mountains and the 
White Hills to the east (fig. 3C). However, the half-graben model is supported by the presence of 
east dipping strata; east-dipping volcanic rocks and underlying crystalline rocks are exposed in 
the footwall of the unnamed fault on the west side of the White Hills (fig. 6). In addition, younger 
basin fill deposits (Tsy) in the hanging wall dip eastward into the fault.  

The subsurface stratigraphy of the northern subbasin, immediately south and west of the 
east-dipping Tsy unit, can be correlated between wells.  Here, a cluster of 7 wells (cluster # 2 listed 
above; drilled from 1957 to 1959; Arizona Department of Water Resources unpublished archival 
data) penetrated unconsolidated alluvium, 60 to 90 m of “boulder conglomerate”, 55 to 100 m of 
clay/anhydrite interval, and the top of a halite body.  The top of the clay/anhydrite deposits is at 
~ 450 m elevation, indicating nearly horizontal stratigraphy at least near the top of the basin-fill 
deposits.  If the subbasin is a half-graben, fanning dips must be at or below the halite horizon.  

The top of the clay/anhydrite section in the well cluster at the north end of the northern sub-
basin, at about 380 to 310 m elevation, is lower in elevation than the clay/anhydrite/halite sequence 
farther south and varies by as much as 40 m.  The alluvial cover is less than 10 m thick, suggesting 
an eroded or beveled top to the basin-fill units where erosion has been deeper due to proximity of 
Detrital Wash to the Colorado River.  A slight shallowing of the basin floor revealed in the depth-
to-bedrock model, the lower elevation of the top evaporite section, and the lack of halite suggest 
there may also be a low-elevation bedrock divide within the northern subbasin that divides the 
northernmost clay/anhydrite deposits from the main halite deposit to the south.  At the far north 
end of the valley next to Lake Mead, evaporite and siltstone beds adjacent to the Black Mountains 
structural block dip eastward, but the dip may be related to uplift of the range block rather than 
half-graben formation. 

Two wells west of the halite body and just east of Detrital Fault in the northern subbasin 
indicate less than a meter of unconsolidated alluvial material overlying a thin alluvial conglomerate 
unit, ~ 10 to 15 m thick, that in turn overlies as much as 270 m of interbedded sandstone, clay, and 
thin conglomeratic layers.  The alluvial conglomerate unit is described in one well as cemented by 
carbonate, indicating it is most likely the QTa unit exposed to the south, which has a strong car-
bonate soil horizon.  The fine-grained clastic deposits beneath are most likely marginal lacustrine 
basin-fill deposits that are laterally equivalent to the clay/anhydrite/halite sequence.  However, 
because the wells are near the Detrital Fault scarps, it is possible these deposits are faulted against 
the clay/anhydrite/halite sequence instead.  The fault scarps are coincident with the strong gravity 
gradient as described above for the Detrital Fault (Langenheim and others, 2010).

Central Detrital Subbasin
The depth of the central subbasin is uncertain: it has been estimated to be as much as 700 

m deep for the depth-to-bedrock model in this report, 900 m deep by ADWR (Mason and others, 
2007), 1 to 1.5 km deep by Langenheim and others (2010), and close to 2 km deep by Faulds and 
others (1999).  The subbasin is a west-tilted half-graben that is well-imaged on a seismic reflection 
profile interpreted by Faulds and others (1999).  The seismic profile trends northeast from Detrital 
Fault and reveals a wedge-shape basin, with fanning dips, that thins to the east as it approaches 
the White Hills.  Well data indicate no more than about 200 to 300 m of gypsum, anhydrite and 
clay in the upper 600 m of the deeper part of the subbasin; consistent with the interpretation by 
Langenheim and others that the evaporite sequence is thin or doesn’t contain significant halite (> 
500 m).  The top of the evaporite/clay sequence is at about 560 to 580 m.  Several wells on the 
east side contain gypsum and clay, with minor consolidated conglomerate, and penetrate granite 
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at about 400 m depth, consistent with the thinner part of the wedge shape basin.  The upper 200 m 
of section on the east side are generally coarser sand and gravel alluvial deposits that are locally 
thicker because of a large alluvial fan that extends westward from the White Hills.  The central 
Detrital subbasin is not as well defined on the depth-to-bedrock model as the subbasins to the north 
and south.  Lateral density changes related to the large alluvial fan may be influencing the basin 
shape and depth.  The Blind Goddess Fault on the east side of the basin does not seem to control 
the basin geometry.

Southern Detrital Subbasin
The depth-to-bedrock model presented in this report and from ADWR (Mason and others, 

2007), Langenheim and others (2010) all indicate that a north-south elongate subbasin underlies 
southern Detrital Valley.  The model presented in this report suggests about 1500 m of basin fill 
deposits, similar to the modeled 1000 to 1500  m depth by ADWR but much less than the 3500 m 
depth  indicated by Langenheim and others (2010).  The basin is most likely an east-tilted half-gra-
ben bounded by an unnamed fault on the east.  Well logs indicate the upper 300 to 400 m are clastic 
sediment, including sand and gravel and interlayered fine-grained clay, silt and sand units that are 
as thick as ~ 100 m.  However, no wells are deeper than 400 m.  Consequently the material in the 
lower part of the subbasin is unknown.

A shallow subsurface bedrock bench extends east of the deeper subbasin to the range front.  
The bench lies at 400 to ~ 800 m depth below the alluvial surface of the valley.  Well logs indicate 
as much as 200 m of volcanic rock overlying crystalline basement.  A few meters to ~ 100 m or 
more of alluvial fan deposits overlie the volcanic rocks.  The valley west of the subbasin is under-
lain by relatively thin alluvial fan deposits overlying a possible pediment surface developed on 
crystalline rock.  The crystalline bedrock surface deepens eastward into the valley, either because 
of tilt into the inferred half-graben or because of offset by a possible southward extension of the 
south Detrital Fault.  The age and type of deposit in the deeper part of the subbasin are unknown.

Hualapai Valley
The three subbasins of Hualapai Valley are dissimilar in shape and possibly genesis (table 

1).  The larger Hualapai subbasin is a northwest elongate, northeast-tilted half-graben structure 
controlled by the southern Grand Wash Fault.  It includes a 2.5 km thick deposit of halite, anhydrite 
and clay (Faulds and others, 1996).  East of the inferred trace of the Grand Wash Fault, the Grand 
Wash Cliffs are deeply embayed and a short alluvial fan surface extends about 4 to 5 km west from 
the cliff face.  West of the subbasin, the Cerbat Mountain block with its thin cover of older volcanic 
rocks (Tvo) dips about 20 degrees eastward toward the Grand Wash Fault and probably projects 
eastward as the floor of the Hualapai subbasin.  Basin-fill sediments of the Hualapai subbasin have 
a wedge-shape, with the thin part of the wedge lapping onto the Cerbat Mountain block.  

The southern Gregg basin is a northward continuation of Hualapai subbasin, separated by a 
deep subsurface bedrock divide whose genesis is poorly understood. 

The south side of Hualapai Valley is underlain by the Kingman subbasin, which has special 
significance as the source of Kingman’s water.  The shallow subsurface below the alluvial valley 
southeast of the deepest part of the subbasin is a broad pediment overlain by young alluvial depos-
its (Qa) and older, more consolidated alluvial fan deposits (QTa).  

A northeast-trending structural divide underlain by crystalline bedrock separates the 
Kingman and Hualapai subbasins, marked by up to 500 m of local relief from the low point of the 
divide to the top of Long Mountain.  Sediment at the divide is mostly fine-grained clastic strata 
overlying crystalline rock and is no more than 200 m thick.  The divide coincides with a sharp ~ 
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60 m northward decline in water level contours (Anning and others, 2007) between the two sub-
basins.  A few wells suggest the local presence of a thin unit of buried volcanic rock west of Long 
Mountain, consistent with exposures of volcanic rocks on the west side of Long Mountain and the 
east side of the Cerbat Mountains.  Correlative volcanic rock is also mapped as deposited on base-
ment at the east end of Long Mountain.

Hualapai Subbasin
The depth-to-bedrock model indicates that the Hualapai subbasin is about 4 to 4.5 km deep.  

The 600 m or more of upper basin fill are most likely equivalent to surficial deposits (Qa, QTa, 
Qp, Qpo) overlying younger sedimentary rocks (Tsy).  Below this unit, drill cores and seismic data 
indicate that ~ 2.5 km of halite makes up much of the subbasin fill (Faulds and others, 1997).  Using 
seismic data, Faulds and others (1997) infer that the halite deposits interfinger laterally eastward with 
fanglomerate units derived from the Grand Wash Fault.  They suggest the age of this part of the sedi-
mentary fill in the Hualapai half-graben basin is about 9 to 13 Ma, comparable to the age of the half-
graben basin fill of the Grand Wash trough to the north of the study area (and equivalent to Tsmy).  

Faulds and others (1997) interpret the section below the halite and associated deposits 
(Tsmy) to include about 335 m of  younger volcanic rocks (13-15 Ma; Tvy) overlying 750 m of 
older volcanic rocks and minor sedimentary rocks (Tvo, Tso) deposited on Cambrian strata.  This 
lowest part of the interpreted section (Tvo, _bt, _m) matches the exposed section along the edge 
of the Grand Wash Cliffs and is therefore the down faulted hanging wall of the Grand Wash Fault.  
However, because the older sedimentary and volcanic rocks are not widely distributed on the Grand 
Wash Cliffs but rather fill paleovalleys, some of the 750-m-thick section is most likely Devonian 
Temple Butte Formation (Dtb) and possibly Mississippian Redwall Limestone (Mr).  In addition, 
the Tvy section is not exposed on either side of the Hualapai subbasin.  Therefore, the inferred Tvy 
section must have been either deposited during or after displacement along the Grand Wash Fault, 
eroded from the exposed part of the Cerbat Mountain block, or never deposited in the basin.  

The deepest part of Hualapai subbasin extends southeast from Red Lake playa.  The playa 
is fed by sediment from (1) Truxton Wash off of the Colorado Plateau and (2) Frees Wash, which 
drains through the Kingman subbasin.  The ephemeral Truxton Wash has a 1-3 m deep alluvial 
channel where it flows along the trace of the concealed Grand Wash Fault.  Northward towards the 
modern playa the wash forms a very low-gradient braidplain of undissected sand to sandy gravel.  
Local ponded areas of silt and clay form hard pan surfaces within the braidplain.  Frees Wash is an 
ephemeral stream bed that is floored by fine-grained sand and silt.  Both washes have low gradients 
in their down-stream reaches such that sediment-laden floodwaters probably do not reach the playa 
except during very large floods.  

Extensive cracks or earth fissures pervade the surface of the Red Lake playa (Neal and 
Motts, 1967; Neal and others, 1968; Lister and Secrest, 1985).  According to Lister and Secrest 
(1985) the entire modern playa surface is or has been fissured, and the older, partially covered 
playa surface is also cracked.  They describe two distinct systems of cracks and attribute them 
to two separate processes: (1) a large polygonal crack pattern formed by deep-seated desiccation 
and (2) a ring-fissure system on the south side of the modern playa attributed to local subsidence.  
Proprietary seismic sections indicate that there is considerable relief on the top of the salt body 
(Federal Energy Regulatory Commission, 1982), and the ring fractures are associated with a low 
in the top of the salt body.  The authors suggest the relief on the salt body is due to salt flowage, 
perhaps in response to faulting, sediment loading, or both.

The extent of the surface playa was larger during the Pleistocene (Qpo), as suggested by the 
limit of the older Truxton Wash alluvial fan (Qto).  The subsurface extent of the subbasin is larger 
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than the Pleistocene playa, according to Ivanich and Conway (2009).  Coarser alluvial fan deposits 
extend west from the Grand Wash Cliffs and interfinger with the fine-grained clay and silt playa 
deposits on the margins of the playa; the position of these fans relative to the playa margin has 
probably not changed much from the Pliocene although interpretation of the GEOTEM data (M. 
Truini, unpublished data, 2010) suggests some limited progradation of coarser material out onto 
the playa.  The west side of Hualapai Valley is an east-sloping pediment developed on volcanic and 
crystalline rocks.

Kingman Subbasin
The Kingman subbasin is one of the most enigmatic because, as discussed above, the north-

east-trending southern edge to the basin may be the inferred Kingman Fault, a buried topographic 
feature, or both.  The depth-to-bedrock model suggests the subbasin is about 1.2 km deep.  It lies 
directly northeast of the early Cenozoic paleovalley exposed at Kingman, and therefore most likely 
has at least 100 to 200 m of older volcanic rocks, including Tvo and Tto, in the subsurface.  A 
similar paleovalley is well preserved at Truxton in the footwall of the Grand Wash Fault; assuming 
they are the same paleovalley, it is most likely in the subsurface between Kingman and the Grand 
Wash Cliffs.  If the paleovalley extended directly between the two locations, the south edge of the 
Kingman subbasin could be a faulted edge of the paleovalley.  Farther east, faulting on the east side 
of the Hualapai Mountains and the east and west sides of the Peacock Mountains most likely have 
disrupted and obscured it.  

Volcanic rocks occur in wells in the west part of the subbasin and are overlain by sediments, 
locally including as much as 170 m of silt, sand and clay.  A well, east of the Kingman Airport 
(ADWR database; 55-903521) logged by Montgomery and Associates, penetrated almost 500 
m of granitic-composition alluvial sediments.  Volcanic rocks are here inferred to underlie sedi-
ments penetrated in this and other shallower wells, but their depth, thickness, and lateral extent in 
the deeper part of the subbasin is unknown.  Volcanic rocks on the southeast flank of the Cerbat 
Mountains dip moderately southeastward and the Kingman subbasin may be a southeast-tilted half-
graben bordered by the Kingman Fault.

Southern Gregg Subbasin
The southern Gregg subbasin models to about 1.4 km deep and shallows only slightly 

southward toward a poorly defined buried divide with the Hualapai subbasin.  Well data indicate 
the upper 400 m or more is fine- to medium-grained clastic sediment.  The Hualapai Limestone 
(Tsh) is found as far south as the southern tip of Lost Basin Range, where a well log shows 20 to 30 
m of limestone overlain by a 10-m-thick clay and sand layer, with some gravel, followed by coarser 
alluvial wash and fan deposits (Tg, QTa, Qa, Qw).  The clay, sand and gravel layer is also seen 
in at least one well to the north and is most likely the same unit that is exposed at the top of the 
Hualapai Limestone in an unnamed wash to the north on the east side of the White Hills (deposits 
of Hualapai Wash, Faulds and others, 2008).  The Hualapai Limestone is exposed from this wash 
north to Lake Mead.  The unit is tilted eastward in a hanging wall anticline toward, and truncated 
by the Lost Basin Fault.  Well data to the south and interpretation of the GEOTEM data (M. Truini, 
unpub. data, 2010) suggests the limestone thins southward and interfingers with clastic rocks.  

Structural controls of this subbasin are poorly understood.  Faulds and others (2008) sug-
gest the chief control of basin formation is a displacement gradient on the Grand Wash Fault.  An 
east-side-down fault is inferred along part of the west side of the basin based on the steepness of 
the depth-to-bedrock gravity model (fig. 7).  The east side of the northern part of the subbasin is 
most likely controlled by increasing displacement southward on Lost Basin Fault which herein is 
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inferred to terminate against the westward tip of the Grand Wash trough and thus form the south-
east edge of the southern Gregg subbasin (figs. 6, 7).  

Sacramento Valley
Sacramento Valley basin includes, from north to south, the Chloride, Golden Valley, and 

Dutch Flat subbasins (table 1, fig. 7).  The northern two appear to be half-graben basins with 
opposed tilt directions, separated by a narrow subsurface high.  The Golden Valley and Dutch Flat 
subbasins are separated by a ~ 20 km long stretch of shallow volcanic and crystalline bedrock.

The east side of Sacramento Valley is a pediment in which shallow bedrock extends 8 to 
10 km westward from the Hualapai Mountains range front before dropping off into the deeper part 
of  the subbasins.  Alluvial-fan sediments veneering the pediment are mostly medium- to coarse-
grained sands and gravels composed mostly of crystalline rock detritus but also locally including 
volcanic detritus near Kingman; where sourced from granitic rocks the deposits are least coarse 
(grusy).  The deposits are mostly unconsolidated and mapped as the Qa unit, but the subsurface 
probably includes consolidated QTa and possibly Tg deposits.  Sediment thickness on the pedi-
ment is typically about 20 to 50 m but varies up to a maximum of about 200 m.  West of Kingman, 
the pediment is locally developed on volcanic rocks that dip westward into the Golden Valley 
subbasin or on Proterozoic crystalline rocks.  Southward, Proterozoic crystalline rocks underlie the 
pediment surface.  The volcanic and crystalline rocks are exposed in isolated hills surrounded by 
alluvial fan deposits, almost exclusively derived from Proterozoic crystalline rocks.  

Although not expressed in the depth-to-bedrock gravity model, well logs and GEOTEM 
data (M. Truini, unpub. data, 2010) suggest an enigmatic small buried valley either under or cut 
into the pediment in the foothills of the Hualapai Mountains (fig. 7; red dashed fault east of Dutch 
Flat Fault).  This feature may be a small fault-controlled subbasin or a paleovalley filled with vol-
canic rocks and capped by the pediment gravels.  

A 20 km long narrow zone of shallow depth-to-bedrock that connects the deeper Golden 
Valley and Dutch Flat subbasins lies between the Black Mountains and the pediment surface 
(fig. 2).  The west side of the zone coincides with the Black Mountains Fault.  Well logs and the 
GEOTEM data (M. Truini, unpub. data, 2010) indicate the crystalline basement is overlain by 
about 80 to 100 m of volcanic rock, which in turn is overlain by clastic sediments. 

The extent of fine-grained Bouse Formation sediments (Tsb) northward in Sacramento 
Valley is unknown.  Surface outcrops occur from Topock to the junction of Buck Mountains and 
Sacramento Washes.  Although well data and GEOTEM interpretations (M. Truini, unpub. data, 
2010) indicate fine-grained sediments in the Golden Valley subbasin, it is not clear whether (1) the 
Bouse basin physically extended that far north, (2) Golden Valley subbasin was a separate basin 
but the same age as the Bouse, or (3) the fine-grained sediments are part of an older basin.  The 
regional top of the Bouse deposits is about 550 m (P. Pearthree, written commun., 2009).  Where 
the 550 m topographic contour intersects Sacramento Wash (the highest potential Bouse out-
crop), the depth-to-bedrock model suggests the top of the bedrock is at 500 m elevation, just 50 m 
below the surface.  A well located just east of this point penetrated 70 m of “clay” (ADWR well 
55-204031) from ~570 to 500 m elevation.  Therefore, it is permissible that the Bouse deposi-
tional environment could have extended into the Golden Valley subbasin through this gap.  Bouse 
sediments could also be in the subsurface of the southern part of Sacramento Valley, along Buck 
Mountains Wash, and in the Dutch Flat subbasin.
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Chloride Subbasin
The Chloride subbasin, bounded on the east by the subsurface Chloride Fault, models to 

~ 900 m.  Wells indicate at least 750 m of clay, sand and some granitic gravel fill.  The upper 200 
m or so are coarser alluvial deposits.  The sediments in the lower part of the basin, based on their 
fine-grained character, are most likely equivalent to fine-grained clastic rocks of the younger sedi-
mentary rocks (Tsy) or possibly the intermediate-age sedimentary rocks (Tsmy).  Wells in Chloride 
subbasin and at the north end of the Golden Valley basin have warm temperatures up to 39 degrees 
C, suggestive of relatively deep water circulation, perhaps along faults controlling the subbasins.  
East of the Chloride Fault, about 50 to 60 m of coarse alluvial fan deposits derived from crystalline 
basement rocks overlie a pediment developed on crystalline basement.  The Chloride subbasin is 
most likely an east-tilted half-graben although the west side may also be fault-controlled, suggest-
ing a graben.  Alternatively, the relatively steep west margin suggested by the depth-to-bedrock 
gravity model may be an artifact of changing rock densities, from coarse alluvial fan to fine-
grained deposits.

The depth-to-bedrock gravity model indicates a shallow fill about 200-300 m thick connects 
the northern end of Sacramento Valley northward with Detrital Valley.  This is probably underlain 
by a syncline in the volcanic rocks between the Cerbat and Black Mountains rather than a fault 
with any significant displacement.  The fill above the volcanic rocks is most likely coarse-grained 
alluvial-fan sediments with an axial zone of finer grained axial wash material.

Golden Valley Subbasin
Golden Valley is underlain by an elongate subbasin as much as 1.3 km deep (Langenheim 

and others, 2010) and is controlled by the Black Mountain Fault on the west.  This subbasin is 
interpreted as a west-dipping half-graben by Langenheim and others (2010) although seismic data 
(Faulds and others, 1999), suggest the subbasin may be more symmetric.  Exposures of west-dip-
ping volcanic rocks on the east side of the valley, coupled with interpretation of the GEOTEM data 
(M. Truini, unpub. data, 2010) indicate that the subbasin is most likely floored by a west dipping 
sequence of volcanic rock about 500 m to 1 km or more thick (Tvo, Tto, Tvm).  The volcanic 
rocks are overlain by medium to fine-grained sediments that are probably equivalent to the fine-
grained clastic deposits of the Tsy unit.  Data from wells in the middle of the subbasin suggest 
interlayering of clay and silt deposits with coarser sand and gravel, indicating the sediments transi-
tion laterally into coarser alluvial fan deposits toward the basin margins.  The alluvial fan deposits 
are derived mostly from volcanic rock to the west, and from mixed volcanic and crystalline to the 
east.  There is no suggestion from the wells of evaporite or halite deposits, and most of the well 
logs indicate that the upper 200 to 300 m are clay mixed with silt, sand, and (or) gravel.  These are 
interpreted as fine-grained wash sediments deposited along ancestral Sacramento Wash (Qw) inter-
fingering laterally with medium- to coarse-grained alluvial fan deposits (Qa, QTa).  As discussed 
above, some of the fine-grained sediments could be equivalent to the Bouse Formation.  

Dutch Flat Subbasin 
The north-northwest- trending subbasin imaged on the depth-to-bedrock model that extends 

from the south end of Black Mountains to the southern end of Sacramento Valley is modeled as 
2600 m deep.  The subbasin has a shallow bedrock rim that separates the deep part of the subbasin 
from a smaller one to the south-southeast that is bounded by a west-side-down fault on the SW 
side of the McCracken Mountains.  Little is known about this subbasin; wells penetrate no more 
than about 200 m depth and are logged as penetrating sand and gravel sediments with some thin 
(~3-10 m thick)  fine-grained clay layers, most likely the Qa, QTa, and possibly Tg deposits.  The 
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fine-grained layers could be Bouse Formation, or axial wash deposits (Qw).  One well log in the 
center of the subbasin anomaly recorded decomposed granite at ~200 m; it is not known if this is 
decomposed granite bedrock or a granite-sourced coarse alluvial deposit.  

The Dutch Flat subbasin is interpreted here to be controlled by either the Buck Mountains 
Fault on the SW side or by the inferred Dutch Flat Fault on the northeast side.  Although we sug-
gest the subbasin is a west-tilted half-graben or a modified half-graben with the larger displacement 
fault on the southwest side, the contrast in bedrock gravity values between the Buck Mountains and 
Hualapai Mountains limits interpretation based on the shape of the basin anomaly. 

Geologic History
Metamorphic gneisses and schists (Xgn) and granites (Xg, Yg) are the predominant 

Paleoproterozoic and Mesoproterozoic rocks in the map area.  The rocks have undergone metamor-
phism and deformation, and subsequent intrusion.  They are part of the Mohave crustal province 
as defined by Pb isotopic signatures (Duebendorfer and others, 2001).  The boundary between the 
Mohave province and the Yavapai province to the east is a complex 75-km-wide isotopically mixed 
zone that strikes north-northwest (Wooden and DeWitt, 1991).  Duebendorfer and others (2006) 
propose that the boundary zone was formed by rifting prior to juxtaposition and deformation of the 
two provinces.  They suggest that a north-trending rift basin margin could underlie Hualapai Valley, 
on the basis of isotopic, geochemical, metamorphic and geophysical anomalies.    

Paleozoic sedimentary rocks, exposed only along the Grand Wash Cliffs and the north end 
of Hualapai subbasin, are marine and continental deposits formed on the continental shelf of west-
ern North America.  They include limestone, dolomite, sandstone, siltstone, claystone, and minor 
evaporite (_bt, _m, Dtb, Mr, PMs, Ph, Pkt).  These rocks are not present in the basins of the 
study area and are therefore not significant aquifer rocks.  Although they originally extended across 
the study area, later erosion has removed them.  Similarly, although Mesozoic sedimentary rocks 
are exposed to the north and east, there are none in this part of the Colorado Plateau or Basin and 
Range.  They were also most likely stripped away by erosion. 

To the north and west, the Early to Late Cretaceous Sevier orogeny resulted in a north-
northeast-trending belt of southeast to east-vergent thrust faults, extending from western Montana 
to eastern California.  In Late Cretaceous to Paleocene (Laramide) time, the study area was 
uplifted, exposing basement rocks in the core of the uplift.  Faulds and others (2001) suggested that 
the early Cenozoic, north-plunging basement-cored Kingman uplift (Kingman uplift of Goetz and 
others, 1975; Kingman Arch of Bohannon, 1984) may have existed where the Black Mountains are 
now, separated from the Cerbat and Hualapai Mountains by a Laramide-age west-dipping reverse 
fault.  Although such a fault has not been identified, it would have formed the boundary between 
the Lost Basin Range-White Hills- Black Mountains and the Cerbat and Hualapai Mountains (fig. 
4).  

Late Cretaceous to Early Tertiary intrusive rocks include 64 to 73 Ma two-mica, garnet-
bearing plutons in the Black Mountains and White Hills that were intruded as much as 10 km deep 
in the core of the Kingman uplift, and similar age plutons in the Cerbat and Hualapai Mountains 
and along the Grand Wash Cliffs that were intruded at shallower depths (Ki; Faulds and others, 
1999).  

Post-Laramide erosion removed Paleozoic and Mesozoic sediments off the Kingman uplift 
and created a beveled erosion surface cut on the lower and middle Paleozoic rocks of the western 
Colorado Plateau margin.  The erosion was accompanied by the formation of large paleovalleys that 
drained northeast off the Kingman uplift and onto the Colorado Plateau (Young, 2001), including the 
paleovalley between the Cerbat and Hualapai Mountains, where the city of Kingman is located.
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Volcanism began ~ 22 Ma, manifested by eruption of mafic flows, breccias, vents, and 
small stratovolcanoes, and local silicic domes and flows (Tvo).  This was followed by caldera 
formation and deposition of the Peach Spring Tuff and associated deposits (Tto) at 18.5 Ma.  The 
ash-flow tuff erupted from the Silver Creek caldera on the west side of the Black Mountains (fig. 
4; Pearthree and others, 2009), and forms a regional marker unit that filled lower topography and 
paleovalleys such that its distrubution today outlines these paleotopographic features.  The ash-
flow tuff unit is most likely in the subsurface in Sacramento Valley between the Black Mountains 
and Kingman and in Kingman Valley east of Kingman, perhaps confined to a paleochannel like that 
seen at Kingman.  

Extension, accompanied by continuing volcanism, began at the far south of the study area 
at about 21 Ma, reached the latitude of Kingman by about 16 Ma, and reached Lake Mead by about 
13 Ma (fig. 2; Faulds and others, 2001).  The earliest extension impacted only the area southwest 
of the Black and Hualapai Mountains; the older volcanic rocks in the southern Black Mountains are 
only mildly tilted, in contrast to similar age rocks to the south and west in the hanging wall of the 
Whipple detachment fault. 

Large-magnitude extension confined to the Colorado River extensional corridor was typi-
cally predated by volcanism that began 1-2 my prior.  Volcanism to the south began before ~20 Ma 
and culminated in the eruption of the Peach Springs Tuff and associated deposits from the Silver 
Creek caldera near Oatman (Pearthree and others, 2009), followed by outpouring of mesa capping 
basalts by 15.8 Ma (Gray and others, 1990).  Following caldera eruption, the loci of volcanism 
migrated northward to the central Black Mountains and included rhyolitic and andesitic volcanic 
fields, mostly west of the Cerbat Mountains.  This volcanism ended with capping basalt flows that 
are less tilted than underlying rocks.  The basalt was erupted at about 14 to 15 Ma in the southern 
and central Black Mountains, and about at 12 Ma to the north.    

The main extensional event started at about 16 Ma and peaked at about 15 to 13 Ma; exten-
sion affected most of the study area from north of the Silver Creek caldera to Lake Mead and 
resulted in highly tilted fault blocks.  Lesser extension (“basin-range” faulting of Lucchitta and 
Suneson, 1994), characterized by high-angle normal faults, minor tilting, formation of narrow 
elongate basins, and minor basaltic volcanism, continued until about 8 Ma (Lucchitta and Suneson, 
1994; Faulds and others, 1999).   

Intrusive bodies related to the volcanism are exposed locally (Ti).  Extensional basins 
were filled by both volcanic and sedimentary rocks (Tvm, Tbo, Tsmo, Tsmy).  In the northern 
White Hills the basins are predominately clastic, but in the southwest White Hills and the Black 
Mountains the fill is predominately volcanic.  Most of these basins were internally faulted, and the 
older volcanic and sedimentary basin deposits are tilted from ~30 to as much as 90 degrees, as now 
exposed in the White Hills and Black Mountains.  

Continued faulting formed full- and half-graben basins that now underlie the three major 
valleys.  Sedimentary basin units in the northern part of the study area include fine-grained clay, 
silt, gypsum and halite deposited in a playa/lake environment, as well as sandstone and con-
glomerate eroded from the nearby ranges and deposited in marginal lacustrine and alluvial fan 
environments.  These include deposits of the Miocene Muddy Creek Formation and similar age 
units (Tsy).  The Hualapai Limestone, (Tsh) exposed in Hualapai Wash and westward toward 
Detrital Wash, is a carbonate lake facies, probably fed by springs (Pearce, 2010).  To the south, 
the lake deposits of the Bouse Formation (Tsb) were deposited along what is now the valley of the 
Colorado River and extended some distance into Sacramento Valley.  Fine-grained clastic rocks in 
the northern part of Sacramento Valley are inferred from well data and interpretation of GEOTEM 
data (M. Truini, unpub. data, 2010).  Basin fill deposits in Hualapai Valley determined from well 
and seismic data include a 2.5-km-thick salt body overlain by fine-grained clastic deposits (Faulds 
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and others, 1997).  The fine-grained playa and lake deposits interfinger laterally with coarse clas-
tic rocks deposited in alluvial fans fed from the Grand Wash Cliffs and Hualapai Mountains, as 
well as by Truxton Wash.  

After 6 Ma, the Colorado River began downcutting and tributaries were formed, includ-
ing Hualapai, Detrital, and Sacramento Washes.  Sand and fine gravel is being transported along 
washes (Qw), and alluvial fans and alluvial plains have prograded outward from the range fronts 
(QTa, Qa, Qto, Qty).  Red Lake remains an internally drained basin with an active playa.  Clay 
and sand are transported onto the surface by floods and reworked into eolian sandsheet and dune 
deposits (Qpo, Qpy, Qe).
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DESCRIPTION OF MAP UNITS
Qdl	 Disturbed land—Areas where major excavation or filling has disturbed the land 

surface to the extent that its pre-existing geology is obscured

SURFICIAL DEPOSITS (QUATERNARY AND PLIOCENE)
Qa	 Younger alluvial fan, alluvial plain and pediment deposits (Holocene to late 

Pleistocene)—Alluvial fan and alluvial plain deposits originating on valley 
sides and in ranges and terminating at axial washes (Qw).  Locally includes 
talus deposits where mapped against the range front.  Comprised of sand and 
gravel composed mostly of fragments of gneiss, schist and granitic rocks in 
sandy matrix, except areas near outcrops of volcanic rocks, where coarser 
fragments are composed of dominantly volcanic rock

Qp	 Active playa deposits (Holocene)—Mostly clay at surface, with subordinate silt 
and fine sand, deposited on active or recently active (within a few decades) 
playa of Red Lake.  Surfaces are flat, prone to flooding, and devoid of 
vegetation.  At margins of playa, flat surfaces may be surrounded by low 
sandy mounds that are likely eolian in origin.  Clay is variably calcareous, 
micaceous, silty, and (or) salty (Asher-Bolinder and others, 1979).  Locally 
includes small sand and fine-gravel size clasts of crystalline rocks prob-
ably brought in by floods.  Mud cracks occur, but tend to be filled or healed 
because of occasional flooding

Qty	 Truxton Wash alluvial fan deposit, younger (Holocene)—Sand and sandy 
gravel, composed dominantly of crystalline-rock clasts with variable 
amounts of volcanic rock or lower Paleozoic quartzite and carbonate, depos-
ited by Truxton Wash.  Deposit grades to modern playa; overlies older playa 
deposits.  Spreads from confined channel of Truxton Wash to alluvial fan 
geometry when floods reach very shallow to flat gradient of playa

Qw	 Axial alluvial wash deposits (Holocene)—Loose, fine-grained sediment, 
including mud, silt and sand with minor gravels, deposited in main washes 
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that are axial to the valley basins.  These include Detrital, Hualapai, 
Kingman, Sacramento, and Truxton Washes.  Can include some coarse 
gravel locally near headwaters or where active alluvial fan or alluvial plain 
intersects washes.  Characterized by anastomosing ephemeral washes, low 
relief interfluves, and minor eolian sand deposits

Qe	 Eolian sand deposits (Holocene to late Pleistocene)—Mapped on east side of 
Red Lake playa, in channels of the Truxton Wash alluvial fan, and eastward 
at base of Grand Wash cliffs.  Near Red Lake, aerial imagery and topo-
graphic map bases suggest the presence of arcuate sand dunes, field inspec-
tion shows arcuate shapes are formed by alternating flat clay/silt pans and 
slightly coarser, vegetated areas.  Tentatively interpreted as original sand 
dune fields from which the eolian sand was subsequently stripped away, with 
only vegetation bands marking original position of dunes

Qpo	 Older playa deposits (Pleistocene)—Clay, silt and sand forming deposits 
of inactive playas on south and east side of Red Lake at higher elevation 
than modern playa (Qp);  probably represent higher stand of playa during 
Pleistocene wet periods or possibly northwest migration of the depocenter.  
Inset by and/or overlain by younger alluvial fan and axial wash deposits 
(Qty, Qw).  Surface is marked by extensive mud cracks.  The cracks range 
from thin polygonal chips of 5-30 cm wide to giant (few tens of meters) 
polygonal cracks that are as much as 10 cm deep (Lister and Secrest, 1985).  
Cracks tend to be wide and open, locally vegetated

Qto	 Truxton Wash alluvial fan deposit, older (Pleistocene)—Mostly sand and 
sandy gravel, composed dominantly of crystalline rock with variable 
amounts of volcanic rock or lower Paleozoic quartzite and carbonate, with 
well-developed soil horizon deposited by older alluvial fan of Truxton Wash.  
Incised about 1 to 3 m (3 to 10 ft) by younger Truxton Wash drainage.  
Interpreted as graded to older higher level playa deposits (Qpo)

QTa	 Older alluvial fan, alluvial plain, and pediment deposits (Pleistocene to 
upper Pliocene)—Highly dissected older alluvial fan deposits, composed of 
sand and gravel.  Dissection forms ridges that display rounded profiles, com-
monly with degraded or eroded soil profiles exposed on surfaces.  In north-
west Detrital Valley, includes a thick carbonate soil horizon, up to 2 m (6 ft) 
thick.  Mostly crop out in isolated deposits near or at range fronts 

QTl	 Landslide deposits (Pleistocene to upper Pliocene)—Unconsolidated to partly 
consolidated masses of rubble and brecciated blocks of rock that have col-
lapsed down slope from cliffs.  Includes landslide masses mantling cliffs 
of Hualapai Limestone along Lake Mead, and one large landslide mass of 
volcanic rocks at Grand Wash Cliffs (Billingsley and others, 2006)

Tg	 Gravel deposits (Pliocene)—Isolated outcrops of sand and gravel deposits, 
more intensively dissected and topographically higher than older alluvial 
fan deposits (QTa).  Age inferred to be Pliocene.  Mostly conglomeratic 
alluvial deposits, but includes Pliocene Colorado River deposits near Lake 
Mead and near the Colorado River in the lower reach of  Sacramento Wash.  
Conglomeratic alluvial deposits are poorly dated; most likely represent 
a sequence of alluvial fans that prograded over the regional top of basin-
fill deposits such as Tsy.  This progradation is inferred to have occurred 
as a consequence of the shift from closed-basin to open-basin deposition 
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characterizing establishment of the Colorado River and its tributaries.  Crops 
out in Detrital Valley and in isolated exposures on the flanks of the Hualapai 
Mountains but probably much more extensive in the subsurface

CONSOLIDATED BASIN-FILL DEPOSITS (PLIOCENE,                               
MIOCENE, AND OLIGOCENE)

Tsb	 Bouse Formation (Pliocene and upper Miocene)—Mostly fine-grained 
white to buff sand, silt, and clay (Howard and others, 1997), partly to 
mostly consolidated.  Locally includes basal marl.  Only exposed in west-
ern Sacramento Valley, near east-west stretch of Interstate 40.  As mapped, 
includes locally calcareous white fine-grained sand and silt of uncertain 
affinity that crops out both north and south of Interstate 40.  Inferred by 
Pearthree and others (2009) to be a facies of the Bouse, or possibly related 
to an early Pliocene Colorado River floodplain deposit.  Eastward and 
northward, the calcareous sand and silt beds grade laterally and upward 
to gravelly sandstone and conglomerate toward the southern tip of Black 
Mountains, where coarser material is mostly sourced from volcanic rocks 
exposed in Black Mountains, but includes some crystalline clasts.  

May extend in subsurface into upper Sacramento Valley.  In subsurface 
of Mohave Valley to west of study area, includes thin lower clastic lime-
stone unit, and an upper section of shale and siltstone that grades upward 
into interbedded sandstone and siltstone.  Basal marl is thin bedded white 
marly limestone, about 1 to as much as 8 m (3 to 26 ft) thick.  Upper sec-
tion is alternating blue to green clay, and grayish orange to pink silt and sand 
beds, thin to medium bedded.  Thickest known subsurface section in Mohave 
Valley is 80 m (254 ft) (Metzger and Loeltz, 1973); in study area no more 
than 5 to 10 m (16 to 32 ft) is exposed.  Bouse in Mohave Valley is bracketed 
between 5.5 Ma and 4.1 +/- 0.5 Ma in age (House and others, 2008)

Tsy	 Younger sedimentary rocks (upper Miocene)—Includes fine-grained deposits 
of mudstone and shale, siltstone and sandstone, and rarely tuff.  In northern 
Detrital Valley, unit is locally dominated by gypsum and halite.  Gypsum 
beds are white and massive, grading laterally to gypsiferous sandstone, silt-
stone and mudstone.  Halite is not exposed but has been described from drill 
hole data (Neal and Rauzi, 1996) as at least 220 m (700 ft) thick.  Deposited 
unconformably on older tilted volcanic rocks on east side of valley.  As 
mapped, chiefly composed of units described as Muddy Creek Formation 
(for example, Laney, 1979) and laterally similar deposits that filled major 
interior drained basins but are now dissected and exposed because of integra-
tion and downcutting by the Colorado River and its tributaries.  Unit likely 
represented by upper 600 m (1900 ft) of subsurface basin-fill sediment in 
Hualapai basin, comprising mudstone with lesser gypsum and anhydrite that 
interfinger laterally away from the playa with sandstone, pebbly sandstone, 
and conglomerate.  Locally faulted but not tilted.  About 6 to 9 Ma in age

Tsh	 Hualapai Limestone (upper Miocene)—Light-gray to pink, algal laminated 
or marly, resistant limestone, interbedded at base and laterally with red 
sandstone, pink limey sandstone, gypsiferous sandstone, locally derived 
coarse sandstone, and rare, poorly sorted reddish-matrix grit and pebble 
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conglomerate derived from gneiss.  Limestone is commonly vuggy, with 
vugs resembling cast of plant roots and plant fragments (Faulds and others, 
1997), also contains abundant burrows and sole marks in clastic beds 
(Howard and others, 2003).  Overlies Proterozoic rocks in buttress uncon-
formity on west side of Hualapai Wash and overlies or interfingers to east 
with sandstone and conglomerate in Gregg Basin.  Overlain locally by clay 
and sand layer, about 10 m (32 ft) thick, that includes small rounded pebbles 
(Faulds and others, 2008).  Up to 150 m (480 ft) thick (Howard and others, 
2003).  About 6 to 12 Ma in age

Tsmy	 Intermediate-age sedimentary rocks, younger (upper and middle 
Miocene)—Mainly red to tan sandstone and conglomerate, but also includes 
gypsum, limestone, siltstone and mudstone.  Typically contains white to 
silver-gray airfall tuffs that help distinguish it from Tsy.  Exposed intermit-
tently from the Black Mountains northeastward to Hualapai Wash. Mostly 
post-dates volcanism except for isolated younger and intermediate basalts 
(Tby and Tbm).  Widespread exposures in White Hills underlie intermedi-
ate age basalts (Tbm) and include coarse conglomerate and debris avalanche 
deposits containing cobbles, boulders, blocks and crackled sheets of mainly 
Proterozoic rocks, but including volcanic rocks.  Tuffs and tuffaceous sand-
stone are common.  Equivalent to strata mapped widely to the north in the 
Lake Mead area as the informal red sandstone unit (Bohannon, 1984; about 
9 to 13 Ma).  Unit most likely includes all but upper 600 m (1900 ft) of 
sedimentary rocks deposited in Hualapai basin, including 2500 m (8000 
ft) of halite, shale and minor evaporite, and laterally equivalent sandstone 
and conglomerate (Faulds and others, 1997).  Deposited in fault-controlled 
basins and subsequently faulted.  Typically slightly or moderately tilted to 
no more than 30 degrees.  On east side of Mohave Mountains in south part 
of Sacramento Valley, conglomerate underlies mesa-forming basalts dated 
at 9.2 +/- 0.3 and 11.3 +/- 0.7 Ma (Suneson and Lucchitta, 1983).  Variable 
thickness of a few tens to a few hundreds of meters.  About 9 to 13 Ma, but 
locally may be older

Tsmo	 Intermediate-age sedimentary rocks, older (middle and lower Miocene)—
Mostly poorly sorted cobble to boulder conglomerate and large rock ava-
lanche deposits (megabreccias) of mostly Proterozoic rocks, intercalated 
with volcanic rocks.  Known megabreccia deposits crop out in the White 
Hills and the south and west part of Sacramento Valley.  Faulted and folded, 
most likely preceding or early during deposition of overlying Tsmy.  Not 
exposed between White Hills and the Mohave Mountains, but possibly in 
subsurface of Detrital and Sacramento Valleys.  Deposited in half-graben 
basins; bedding typically tilted from about 30 to as much as 90 degrees.  
Variable thickness to as much as 2 to 3 km (1 to 2 mi) near basin bounding 
faults (Faulds and others, 2010).  About 13 to 16 Ma in age

Tso	 Older sedimentary rocks (lower Miocene to upper Oligocene)—Composed 
of conglomerate containing large well-rounded cobbles and small boulders 
of Proterozoic rocks in arkosic sandstone matrix.  Mostly only a few meters 
thick, but locally includes 100-m- (320-ft-) thick section of fine-grained flu-
vial rocks (Albin, 1991).  Deposited in paleovalleys that are exposed along 
the Grand Wash Cliffs; overlain by volcanic rocks (Tto, Tvo).  Deposits 
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originated west of plateau margin and deposited by eastward flowing drain-
age systems.  Older than overlying ~20 Ma basalts; inferred to be Oligocene 
but could be as old as Paleocene

VOLCANIC ROCKS (PLIOCENE, MIOCENE, AND OLIGOCENE)
Tby	 Younger basalts (Pliocene and upper Miocene)—Olivine basalt to andes-

itic basalt flows and associated pyroclastic deposits.  Restricted in extent; 
typically display inverted topography—that is, the flows were originally 
deposited in channels cut into alluvium but now are higher than surrounding 
terrane because of removal by erosion of thinner parts and downcutting into 
less resistant alluvium.  Exposed on the flanks of Wilson Ridge, at Sandy 
Point (unmapped because too small to show at scale of map) in eastern Lake 
Mead, and as thin flows on the southwest side of Sacramento Valley.  Range 
in age from about 4 to 6 Ma  

Tbm	 Intermediate age basalts (upper to middle Miocene)—Tholeiitic olivine basalt 
flows and breccias and associated pyroclastic deposits.  Untilted to slightly 
tilted and faulted.  Includes flows in White Hills (Senator Mountain, Table 
Mesa, and other slightly tilted flows) and a few small exposures of vent and 
flow facies in SW Sacramento Valley.  About 8 to 12 Ma in age

Tvy	 Younger rhyolitic to andesitic volcanic rocks (middle Miocene)—Exposed 
mostly in the western White Hills and west of the community of White 
Hills in the Black Mountains, where equivalent to Mt Davis Volcanics of 
Anderson and others (1972).  Here, unit comprises pyroxene andesite flows 
and breccias, minor basalt, and rhyolitic breccias and pyroclastic flows.  As 
much as 600 m (1900 ft) thick in White Hills.  Unit also mapped in southern 
Sacramento Valley, where comprises rhyolite flows, domes and tuffaceous 
rocks and local arkosic boulder to cobble conglomerate and sandstone.  
Clasts in conglomerate are mostly Proterozoic granite gneiss and other meta-
morphic rocks, with minor basalt.  About 13 to 15 Ma in age

Tbo	 Older basalts (middle Miocene)—Olivine basalt flows and breccias.  Exposed 
only in southern and central Black Mountains on west side of study area.  
In southern Black Mountains, comprises thick stack of basalt and basaltic 
andesite flows with phenocrysts of plagioclase, olivine and clinopyrox-
ene.  Flows form cap to much of the southern part of the Black Mountains.  
Locally includes thin tuffaceous sandstone interbeds and rhyolitic ash; 
entire sequence is as much at 300 m (960 ft) thick (Dewitt and others, 
1986).  One K-Ar age of about 15.8 Ma was reported by Gray and others 
(1990).  To north in Grasshopper Junction area basalt flows range in age 
from about 15.3 to 13.8 Ma, and are interlayered in lower part with Tty 
(~15 Ma; Varga, 2001).  Here, section is about 1 km (0.6 mi) thick and 
comprises 1 to 2 m (3 to 6 ft) thick lava flows, with associated flow brec-
cia, scoriaceous pyroclastic rock and minor sandstone and conglomer-
ate.  Locally at base is medium- to coarse-grained sandstone (0 to 7 m [0 
to 20 ft] thick) and matrix-supported conglomerate that fills channels cut 
into underlying volcanic rocks.  Faulted and only slightly tilted relative to 
moderately to steeply tilted older volcanic rocks.  May be down-faulted into 
Sacramento Valley to east  
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Tty	 Younger rhyolitic ash-flow tuffs (middle Miocene)—Rhyolitic ash-flow 
tuffs and related airfall tuffs that include the 15.2 Ma tuff of Bridge Spring 
(Anderson, 1978; Varga and others, 2004), and the 14.97 tuff of Mount 
Davis (Faulds, 1995).  The tuff of Bridge Spring, which outcrops west of the 
map area in the Eldorado Mountains and on the east side of Detrital Valley, 
is thought to have been erupted from a caldera in the northern Eldorado 
Mountains (Gans and others, 1994).  Although not thick, the tuffs are persis-
tent.  They provide a useful timeline to separate the intermediate-age rhyolitic 
to andesitic volcanic rocks (Tvm) from the younger rhyolitic to andesitic 
volcanic rocks (Tvy).  Not found south of the central Black Mountains

Tvm	 Intermediate-age rhyolitic to andesitic volcanic rocks (lower Miocene)—
Widespread andesitic to basaltic flows and flow breccias, and rhyolitic to 
dacitic flows, breccias and domes.  Exposed extensively in the central and 
northern Black Mountains and western White Hills.  Includes Patsy Mine 
volcanics of Anderson (1971), the volcanics of the southern White Hills, and 
volcanics of the Dixie Queen Mine (Faulds and others, 2010) and other age-
equivalent volcanic rocks bracketed between the 18.5 Ma Peach Spring Tuff 
(Nielson and others, 1990) and the 15.2 Ma tuff of Bridge Spring (Varga and 
others, 2004).  Variable thickness, but close to volcanic centers can reach up 
to 2 to 3 km (1 to 2 mi) thickness.  Mostly faulted and tilted as much as 90 
degrees.  West of Grasshopper Junction (Varga and others, 2004), andesitic 
flows and flow breccias are overlain by rhyolitic volcanic sequence that is 
concentrated in northern part.  Includes volcanic center of domes, dikes, and 
associated rhyolite flows and tuffaceous rocks where thicknesses change from 
over 300 m (960 ft) in center to just 1 to 2 m (3 to 6 ft) of pyroclastic material 
to south.  Most likely down-faulted into subsurface of northern Sacramento 
Valley and southern and central Detrital Valley.  About 15 to 18 Ma in age  

Tto	 Older rhyolitic ash-flow tuffs (lower Miocene)—Unwelded to welded ash flow 
tuff unit, deposited in a band from the southern Black Mountains through 
Kingman to the Grand Wash Cliffs.  Includes Peach Spring Tuff (18.5 Ma; 
Nielson and others, 1990) and associated deposits, and Sitgreaves Tuff of 
Ransome (1923).  Peach Spring Tuff is tan to pink, moderately welded ash 
flow tuff, with large blue sanidine, quartz and plagioclase phenocrysts.  
Erupted from Silver Creek caldera on west side of the Black Mountains 
(Pearthree and others, 2009); associated pyroclastic surge may have reached 
as much as 100 km (60 mi) away from the caldera.  Thickest deposits are 
in Black Mountains and eastward in paleovalley at Kingman, along which 
tuff flowed, covering or flowing around older volcanic rocks (Tvo).  Tuff as 
much as 100 m (300 ft) thick in deepest parts of paleovalley at Kingman but 
thins to north and south on margins of paleovalley to about 10 to 30 m (30 to 
100 ft) thick.  East from Kingman, tuff is found in topographically low areas 
and paleovalleys along Grand Wash Cliffs.  It thins gradually from Kingman 
eastward in the paleovalleys to about 30 m (100 ft) at the Grand Wash Cliffs.  
Tuff most likely down-faulted into subsurface of Sacramento Valley 

Tvo	 Older rhyolitic to basaltic volcanic rocks (lower Miocene)—Older mafic to 
felsic volcanic rocks, including flows, sills, and domes, exposed mostly from 
Grand Wash Cliffs southwestward, including the Cerbat Mountains, south-
ern Black Mountains, southwest side of Hualapai Mountains, and northern 
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Mohave Mountains.  Typically underlie older ash flow tuff (Tto); about 18.5 
to 20 Ma or older in age.  At Kingman, mostly quartz-bearing olivine basalt 
flows but locally including cinder cones with up to 150 m (500 ft) relief.  
Bull Mountain felsic dome, ~ 10 km south of Kingman, dated at 20.74±0.56 
Ma (K-Ar; Damon and others, 1996).  Buesch and Valentine (1986), describe 
the basalt sequence as thickening as much as 100 m (300 ft) to the north 
against the Cerbat Mountains and infer the presence of a shield volcano 
there,  now mostly eroded.  The volcanic rocks were erupted within and 
flowed along a paleovalley that is 180 m (600 ft) or more deep.  This paleo-
valley most likely extended eastward and may be part of the paleovalley at 
Truxton, Arizona (Young, 2001).  

Gently east dipping andesite and basalt flows and breccias overlie 
Proterozoic rocks on the east flank of the Cerbat Mountains, locally over-
lain by the older rhyolitic ash-flow tuffs unit (Tto).  Crystalline basement 
on the west flank of the Cerbat Mountains north of Chloride is also overlain 
by basalt to andesite and felsic ash-flow tuff that dip westward about 20 to 
40 degrees (Ferguson and others, 2009).  Thomas (1953) mapped the con-
tact between the volcanic rocks and the crystalline basement rocks as the 
Sacramento Fault; however, Ferguson and others (2009) reinterpreted it as a 
depositional contact. 

At the north end of the Cerbat Mountains, unit includes a thin basal 
arkosic conglomerate, overlain by a thin sequence of olivine basalt flows.  
Capped by about 250 m (800 ft) of matrix-supported, volcaniclastic con-
glomerate with intercalated andesite lavas and sparse rhyodacite flows.  
Deposits cut by faults, and may fill an east-trending paleovalley cut into the 
crystalline rocks of the Hualapai Mountains.  Tilted gently to east about 10 
to 20 degrees; about 18 to 20 Ma in age (Faulds and others, 2010).

West of Kingman, deposits are exposed in ~ 45-km- (28-mi-) long 
north-south band in the Black Mountains.  Here, volcanic rocks are under-
lain locally by as much as 33 m (100 ft) of fine- to medium-grained arkosic 
sediments derived from the underlying crystalline rocks, as well as minor 
amounts of tuff, volcaniclastic sediment, thin algal laminated limestone 
and thin basalt flows (Gray and others, 1990; Pearthree and others, 2009).  
Volcanic rocks include latite, dacite, andesite, and rhyolite domes and flows.  
The rhyolitic rocks are most common in the southeast part of the Black 
Mountains.  Overlain by Peach Spring Tuff and associated deposits (Tto).  
Section as much as 1 km (0.6 mi) thick (Pearthree and others, 2009).

INTRUSIVE ROCKS (MIOCENE AND CRETACEOUS)
Ti	 Miocene intrusive rocks (middle Miocene)—Intrusive stocks, dikes and plu-

tons in the central and northern Black Mountains.  Includes quartz diorite 
to quartz monzonite of the Wilson Ridge pluton (about 13.5 Ma; Beard and 
others, 2007) and gabbro and granodiorite of Mt Perkins pluton (16 Ma; 
Faulds and others, 1999).  Mt Perkins pluton forms elongate body parallel to 
north-northwest faults 

Ki	 Mesozoic intrusive rocks (Late Cretaceous)—Isolated bodies of medium-
grained to slightly porphyritic quartz monzonite, monzogranite and 
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granodiorite.  Exposed as stocks and small plutons in the Black Mountains, 
White Hills, Cerbat Mountains, and Mohave Mountains.  A small sill-like 
monzogranite body that intruded into the Muav Limestone in the Grand 
Wash Cliffs is dated at 65.5±3.5 Ma (K-Ar; reported in Billingsley and 
others, 2006).  In White Hills, quartz monzonite pluton dated at 72.0±2.1 Ma 
is associated with gold-bearing quartz veins (Theodore and others, 1987).  
The Ithaca Peak biotite quartz porphyry stock on the west side of the Cerbat 
Mountains near Chloride, Arizona, is dated at 71.5 Ma (Wilkinson and 
others, 1982), and hosts a porphyry copper deposit (Mineral Park Mine)

PALEOZOIC SEDIMENTARY ROCKS
Pkt	 Kaibab and Toroweap Formations, undivided (Lower Permian)—Limestone, 

dolostone, sandstone.  Basal part of Toroweap Formation is recessive; 
basal part is composed of yellow sandstone, dolostone and gypsum of the 
Seligman Member.  Overlain by thick cliff-forming fossiliferous limestone 
of the Brady Canyon Member.  Upper part of Toroweap Formation is Woods 
Ranch Member, composed of siltstone, mudstone and dolomite.  Overlying 
Kaibab Limestone is represented by the lower 40 m (130 ft) of the Fossil 
Mountain Member, a fossiliferous cherty limestone that forms ledges.  140 m 
(450 ft) total exposed thickness.  Exposed only in northeastern part of study 
area in Wheeler Ridge

Ph	 Hermit Formation (Lower Permian)—Distinctive interbedded red sandstone 
and siltstone.  Thin- to medium-bedded, with crossbedding and local ripple-
laminations.  About 300 m (1000 ft) thick.  Exposed only in northeastern part 
of study area at Wheeler Ridge 

PMs	 Supai Group, undivided (Lower Permian to Upper Mississippian)—Mostly 
limestone and dolomite, and subordinate sandy limestone, sandstone, and 
mudstone.  Basal slope-forming part, about 20 m (60 ft) thick, is alternating 
limestone and thin red mudstone layers.  Overlain by about 220 m (700 ft) 
of medium- to thick-bedded limestone and dolomite that grades upward into 
cliff-forming limestone and interbedded crossbedded limestone.  Prominent 
desert varnish on weathered surfaces makes this part of unit easy to identify 
from a distance.  Overlain by 70-m- (225-ft-) thick unit of tan to gray ledge-
forming dolomite.  Unit is capped by about 130 m (400 ft) of resistant white 
to red Esplanade Sandstone.  Exposed only in northeastern part of study 
area, in Wheeler Ridge.  Part of formation older than Esplanade Formation is 
equivalent to the Pakoon Limestone and Callville Formations, as described 
in Beard and others (2007) 

Mr	 Redwall Limestone (Upper and Lower Mississippian)—Thick- to thin-bedded 
light-gray cherty and fossiliferous micritic limestone.  Mostly forms cliff; 
some recessive cliff zones.  Distinctive 30-m- (100-ft-) thick cherty horizon 
forms distinctive band of alternating dark-brown and light-brown on cliff 
face.  Redwall Limestone is exposed only in northeastern part of study area 
at Wheeler Ridge, and as small altered outcrop on Wilson Ridge.  Thickness, 
about 180 to 200 m (600 to 640 ft)

Dtb	 Temple Butte Formation (Upper and Middle Devonian)—Mostly dolomite, 
sandstone and limestone.  Lower part is purple and gray ripple-laminated 
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mudstone, sandstone, dolomite and minor conglomerate that fills channels 
eroded into underlying Cambrian rocks.  Overlain by olive-gray medium- to 
thick-bedded dolomite and sandy dolomite that form a series of dark-gray 
ledges, grading from brown to dark-gray dolomite upward to gray dolomite.  
Unconformity at base represents major stratigraphic break of about 100 m.y. 
that includes parts of the Late Cambrian, Ordovician and Silurian, and most 
of Early and Middle Devonian time.  Unit exposed only along Grand Wash 
Cliffs and at far north end of study area in Wheeler Ridge.  Thickness, about 
120 to 140 m (400 to 450 ft)

_m	 Muav Limestone (Middle Cambrian)—Mainly includes light-gray undivided 
dolomite, underlain by alternating layers of medium-gray to dark-gray 
dolomite and thinner layers of orange to brown silty dolomite.  Contact 
with underlying Bright Angel Shale is gradational.  Unit exposed only along 
Grand Wash Cliffs and at far north end of study area in Wheeler Ridge.  
Thickness, about 360 to 420 m (1150 to 1650 ft)

_bt	 Bright Angel Shale and Tapeats Sandstone, undivided (Middle and Lower 
(?) Cambrian)—Middle and Lower Cambrian Bright Angel Shale is domi-
nantly burrow-mottled green micaceous shale and red-brown to brown 
sandstone.  About 90 to 100 m (300 to 320 ft) thick.  Unit is gradational 
with underlying Tapeats Sandstone; contact placed where green shales 
and siltstones become subordinate downward.  Lower Cambrian Tapeats 
Sandstone is crossbedded arkosic sandstone and minor pebbly sandstone.  
Unconformably overlies irregular surface developed on Proterozoic crys-
talline rocks; Tapeats Sandstone fills in low areas and locally thins across 
highlands.  Unit exposed only along Grand Wash Cliffs and at far north end 
of study area in Wheeler Ridge.  Thickness, 0 to 60 m (0 to 200 ft)

PROTEROZOIC CRYSTALLINE ROCKS
Yg	 Megacrystic granite (Mesoproterozoic)—Quartz monzonite to granite that 

typically contain large phenocrysts of potassium feldspar that are up to 8 
cm long and make up from 20 to 70 percent of the rock.  The feldspars are 
commonly zoned or reversely zoned (rapakivi texture) and typically aligned 
in a magmatic foliation.  The granitic matrix is quartz, biotite and plagioclase 
with abundant magnetite or ilmenite.  Albin and Karlstrom (1991) report 
U-Pb zircon ages of 1.39 and 1.37 Ga for the megacrystic granites in the 
northern Peacock Mountains

Xg	 Metaintrusive rocks (Paleoproterozoic)—Equigranular to porphyritic granites, 
granodiorites and other felsic plutonic rocks, mostly deformed into biotite 
and hornblende-bearing quartzofeldspathic gneisses.  Typically foliated  

Xgn	 Metasedimentary and metavolcanic rocks, undivided (Paleoproterozoic)—
Includes amphibolite, biotite-garnet gneiss, and metasedimentary and 
metavolcanic rocks, intruded by granite and granodiorite.  Also includes 
migmatite locally.  The rocks have been highly deformed by at least two 
events, imposing strong folding and foliation on the rocks.  northwest-
striking foliation fabric is mostly overprinted by a strong northeast-striking 
foliation except in the Peacock, Cerbat, and Hualapai Mountains
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Figure 1.   Shaded-relief map showing hydrologic basin boundary of Detrital, Hualapai, and Sacramento valley basins (thick black 
dashed line), and highways, towns, and other physiographic and cultural features referred to in text.  Eldorado Mountains are 
about 30 km west of the map area and form the west side of the Colorado River valley and Lake Mohave, from Hoover Dam 
southward to about latitude 35 ° 30’00”.  State lines shown by black dash.
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Figure 2.   Depth-to-bedrock gravity model showing subbasins and estimated thickness of basin fill beneath Hualapai, Detrital, and 
Sacramento Valley basins.
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Figure 3.   Gravity data used to create depth-to-bedrock model, overlain by outline of map area.  A, Complete Bouger anomaly; B, 
Isostatic residual anomaly; C, Bedrock residual anomaly; and D, Basin residual anomaly. Open-circles on C and D indicate 
position of gravity measurements. All grids are upward continued to 2,550 m elevation.
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Figure 4.   Regional geologic map showing major geologic features referred to in text.  Heavy dashed black line is boundary 
between Colorado Plateau and Basin and Range.  Heavy blue dashed line is eastern edge of extensive volcanism in 
Colorado River extensional corridor; thin blue dashed line shows approximate onset time of extension within extensional 
corridor.  Dark-green dashed line shows axis of Black Mountain accommodation zone.  White dashed line marks drainage 
divides between valleys as shown in figure 1.  Geology modified from state geologic maps (Crafford, 2007; Ludington and 
others, 2007; Richard and others, 2000), overlain on shaded-relief base map created from 30-m DEM.
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Figure 5.   Schematic sequential cross sections showing extensional basin evolution and stratigraphic relations between older, 
intermediate, and younger sedimentary rocks.  Sections also show correlation of sedimentary rocks to “older, intermediate 
and younger alluvium“ of Gillespie and Bentley (1971) and Anning and others (2007).  A, Extension from about 16 to 13 Ma 
forms half-graben basins that include coarse alluvial conglomerates and breccias sheets of intermediate-age sedimentary 
rocks (Tsmy, Tsmo) that are shed from active faults are and interlayered with volcanic flows.  Note pre-extensional older 
sedimentary rocks (Tso) filling paleovalley beneath volcanic rocks.  B, Continued faulting (13- ~8 Ma) forms younger 
subbasins filled by mostly fine-grained younger sedimentary rocks (Tsy, Tsb, Tsh).  These rocks correspond to the “older 
alluvium”.  C, Late Pliocene to Quaternary surficial deposits blanket surface of subbasins within valley basin.  The older 
surficial deposits (QTa, Tg) are typically exposed only at the edges of the valley basins and correspond to the “intermediate 
alluvium”.  Younger surficial deposits are equivalent to “younger alluvium” and include Qa, Qw, Qp, Qpo, Qty, Qto and Qe.
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Figure 6.   Geologic map of study area showing major faults and other structural features.  Mapped faults are shown in black; black 
lines with semi-circle ornamentation are low-angle detachment faults.  Faults inferred from depth-to-bedrock gravity model 
and GEOTEM data shown in red.  Dashed red lines denote higher degree of uncertainty (see text and table 1 for additional 
discussion.)  Thick dark-green dashed line is Black Mountain accommodation zone.  Fault abbreviations as follows:  BGF, 
Blind Goddess Fault; BMF, Black Mountain Fault; BuMF, Buck Mountains Fault; CF, Chloride Fault; CMF, Cerbat  Mountain 
Fault; CPF, Crossman Peak Fault; CyF, Cyclopic Mine Fault; DDF, Dutch Flat Fault; DF, Detrital Fault; EPF,  east Peacock 
Fault; KF, Kingman Fault; LBF, Lost Basin Range Fault; MMF, Mockingbird Mine Fault; MSF, Mountain Spring Fault; NGWF, 
Northern Grand Wash Fault; SDF, south Detrital Fault; SGWF, southern Grand Wash Fault; SVWHDF, South Virgin White 
Hills Detachment Fault; WHF, White Hills Fault; WPF, west Peacock Fault;  GJ, location of Grasshopper Junction.
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Figure 7.   Depth-to-bedrock gravity model shows subbasins in relation to faults as shown in figure 6.  See figure 2 for subbasin 
names.  Black lines are mapped faults, bar and ball on downthrown side; barbed faults are detachment faults with barbs 
facing upper plate.  Red lines are faults inferred from geophysics; dashed red line denotes higher degree of uncertainty.  
Red barbs on inferred geophysical fault point toward down-dropped block.  Thick dark-green dashed line is Black Mountain 
accommodation zone.  GJ, location of Grasshopper Junction.  Patterns show distinctive lacustrine facies of northern 
subbasins; the lithology of the Dutch Flat subbasin is unknown.
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Sub-basin
Modeled 
Depth Geometry Faults

Lithology of  lacustrine/playa  
deposits

Detrital Valley

northern Detrital subbasin 600 m graben Detrital Fault, unnamed fault on east side halite, anhydrite,  gypsum, clay

central Detrital subbasin 700 m
west-tilted half-
graben

south Detrital Fault or Mockingbird Mine 
Fault on west side, Blind Goddess Fault 
on east side  anhydrite, gypsum, clay

southern Detrital subbasin 1500 m

east-tilted half- 
graben, or full 
graben

unnamed fault on east side, possible 
fault on west side

clay and other fine-grained clastic 
deposits

Hualapai Valley

Hualapai subbasin 4300 m
east-tilted half-
graben southern Grand Wash Fault halite, anhydrite, gypsum,  clay

Kingman subbasin 1200 m

faulted 
paleovalley, or 
possible southeast-
tilted half-graben

Kingman Fault on southeast side, west 
Peacock Fault on east side

clay and other fine-grained clastic 
deposits

southern Gregg subbasin 1400 m graben?
Lost Basin and southern Grand Wash 
faults on east side, possible fault on west

limestone interfingering southward 
with clay and other fine-grained 
clastic deposits

Sacramento Valley

Chloride subbasin 900 m

east-tilted half-
graben, or full 
graben

Chloride Fault on east side, possible fault 
on west side

clay and other fine-grained clastic 
deposits

Golden Valley subbasin 1300 m

west-tilted half-
graben, or full 
graben

Black Mountain Fault on west side, 
possible fault on east side

clay and other fine-grained clastic 
deposits

Dutch Flat subbasin 2600 m
west tilted half-
graben? 

Buck Mountain and Crossman Peak faults 
on west side, possible fault on east side unknown

Table 1.  Geologic characteristics of sub-basins for Detrital, Hualapai, and Sacramento valley basins; see figures 1 and 2 for subbasin locations; see 
figure 7 for fault locations and lithology of subbasins
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